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Abstract

The trophic ecology and ground-water 
contributing area of Walden Pond, in Concord 
and Lincoln, Mass., were investigated by the U.S. 
Geological Survey in cooperation with the 
Massachusetts Department of Environmental 
Management from April 1997 to July 2000. Bathy-
metric investigation indicated that Walden Pond 
(24.88 hectares), a glacial kettle-hole lake with 
no surface inlet or outlet, has three deep areas. 
The maximum depth (30.5 meters) essentially 
was unchanged from measurements made by 
Henry David Thoreau in 1846. The ground-water 
contributing area (621,000 square meters) to 
Walden Pond was determined from water-table 
contours in areas of stratified glacial deposits and 
from land-surface contours in areas of bedrock 
highs. Walden Pond is a flow-through lake: 
Walden Pond gains water from the aquifer along 
its eastern perimeter and loses water to the aquifer 
along its western perimeter. Walden Pond contrib-
uting area also includes Goose Pond and its 
contributing area. A water budget calculated for 
Walden Pond, expressed as depth of water over the 

lake surface, indicated that 45 percent of 
the inflow to the lake was from precipitation 
(1.215 meters per year) and 55 percent from 
ground water (1.47 meters per year). The groun
water inflow estimate was based on the average
two different approaches including an isotope 
mass-balance approach. Evaporation accounted
for 26 percent of the outflow from the lake (0.71 
meters per year) whereas lake-water seepage to
ground-water system contributed 74 percent of 
the outflow (1.97 meters per year). The water-
residence time of Walden Pond is approximately
5 years.

Potential point sources of nutrients to 
ground water, the Concord municipal landfill and
trailer park, were determined to be outside the 
Walden Pond ground-water contributing area. A 
third source, the septic leach field for the Walden
Pond State Reservation facilities, was within the
ground-water contributing area. Nutrient budgets
for the lake indicated that nitrogen inputs 
(858 kilograms per year) were dominated (30 pe
cent) by plume water from the septic leach field 
and, possibly, by swimmers (34 percent). Phos-
phorus inputs (32 kilograms per year) were 
Abstract 1
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dominated by atmospheric dry deposition, back-
ground ground water, and estimated swimmer 
inputs. Swimmer inputs may represent more than 
50 percent of the phosphorus load during the sum-
mer. 

The septic-system plume did not contribute 
phosphorus, but increased the nitrogen to phos-
phorus ratio for inputs from 41 to 59, on an atom-
to-atom basis. The ratio of nitrogen to phosphorus 
in input loads and within the lake indicated algal 
growth would be strongly phosphorus limited. 
Nitrogen supply in excess of plant requirements 
may mitigate against nitrogen fixing organisms 
including undesireable blooms of cyanobacteria. 
Based on areal nutrient loading, Walden Pond is a 
mesotrophic lake. Hypolimnetic oxygen demand 
of Walden Pond has increased since a profile was 
measured in 1939. Currently (1999), the entire 
hypolimnion of Walden Pond becomes devoid of 
dissolved oxygen before fall turnover in late 
November; whereas historical data indicated dis-
solved oxygen likely remained in the hypolimnion 
during 1939. The complete depletion of dissolved 
oxygen likely causes release of phosphorus from 
the sediments.Walden Pond contains a large 
population of the deep-growing benthic macro 
alga Nitella, which has been hypothesized to pro-
mote water clarity in other clear-water lakes by 
sequestering nutrients and keeping large areas of 
the sediment surface oxygenated. Loss of Nitella 
populations in other lakes has correlated with a 
decline in water quality. Although the Nitella 
standing crop is large in Walden Pond, Nitella still 
appears to be controlled by nutrient availability. 
Decreasing phosphorus inputs to Walden Pond, 
by amounts under anthropogenic control would 
likely contribute to the stability of the Nitella 
population in the metalimnion, may reverse 

oxygen depletion in the hypolimnion, and 
decrease recycling of phosphorus from the 
sediments.

INTRODUCTION

Walden Pond, the deepest lake in Massachuse
has great historical, naturalistic, and limnological sig
nificance as the lake on which Henry David Thoreau
lived from July 1845 to September 1847 and the sub
ject of his well-known essay “Walden: or, Life in the 
Woods” (Thoreau, 1854). Since Thoreau’s time, the 
uses of Walden Pond and environs have included a 
wood lot, an amusement park in the late 1800’s, and
a county park after 1922. In 1975 the area was desig
nated a Massachusetts State Reservation. Walden 
Pond is located 24 km west northwest of Boston 
(fig. 1), in Concord, Mass., with a watershed that 
extends into Lincoln, Mass. Located in a large metro
politan area, Walden Pond potentially may be altered
by factors common to urban development: a municip
landfill, septic leachate from the Walden Pond State 
Reservation bathhouse and headquarters, and high 
tor use rates. Walden Pond retains clear, generally go
water quality primarily because of conservation effor
that protect the woods and shore surrounding the lak
Questions remain whether these conservation efforts
are enough to continue to maintain good water quali

The cooperative investigation of the geohydrol-
ogy and limnology of Walden Pond by the U.S. 
Geological Survey and the Massachusetts Departme
of Environmental Management was motivated by the
historical significance of Walden Pond and by its 
unusual limnological characteristics: deepest natural
lake in Massachusetts, protected drainage basin, an
lack of surface inlet or outlet stream. This report doc
ments present (1997–99) conditions and baseline da
for Walden Pond that can be used to understand aqu
and lake water levels and water-quality conditions. Th
data also may be compared with data from other see
age lakes formed in glacial outwash and deltaic depo
its in eastern Mass., many of which are stressed by h
2 Geohydrology and Limnology of Walden Pond, Concord, Massachusetts



 

Introduction 3

    

216,000214,000212,000

914,000

912,000

910,000

908,000

L I N C O L N

C O N C O R D

Sandy
Pond

Goose Pond

Fairyland
Pond

  Brook

Sudb
ur

y
Ri

ver

Concord Ri v
er

Mill

Assabet River

Fairhaven Bay

Walden
Pond

Little Goose
Pond

B E D F O R D

Base map from MassGIS digital data, 
State Plane Meters, Fipszone 2001,
1:25,000 scale

Boston

0

MASSACHUSETTS

0                   50 MILES 

EXPLANATION

WETLANDS

OPEN WATER

Area shown in figure 4

50 KILOMETERS

300,000

200,000100,000

900,000

800,000

0 1/2 1 MILE

0 1 KILOMETER.5

 

Figure 1.

 

 Location and setting of Walden Pond, Concord, Massachusetts. 
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Lake level altitude of 48.27 m.

 

Table 1.

 

 Bathymetric surveys of Walden Pond, Concord, Massachusetts

 

[Data sources: Thoreau (1854) and Deevey (1942). m
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Thoreau........... 75 249,800 -- 31.1 --
Deevey ........... 50 248,200 3,224,150 31.3 12.99
This investi-

gation .......... 1,700 248,800 3,211,450
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30.5 12.91
use or other development pressures. The ca
tographic, hydrologic, and limnologic results
from the Walden Pond investigation are sum
marized in a map report (Friesz and Colman
2001), depicting the entire ground-water con
tributing area at relatively high resolution. 

The authors especially are indebted 
to Ariane Mercandante (U.S. Geological 
Survey) for help with field work, organiza-
tion, and database management. Michelle 
Dumas and the staff at Walden Pond State 
Reservation always were helpful during the 
study. Also, the help of Mike Gildesgane 
(Massachusetts Department of Environment
Management) in initiating and supporting the
project is greatly appreciated. 

GEOLOGIC SETTING AND 
BATHYMETRY

Walden Pond is a kettle-hole lake, 
formed at the end of the last glaciation 
(Wisconsinan stage) about 15,000 years ag
by the melting of a large block of ice that 
broke off from the retreating glacier. Initially 
resting on the bottom of glacial Lake Sud-
bury, the ice block eventually was surrounde
by deltaic and outwash deposits (Koteff, 
1963). These sorted, stratified deposits, whic
now form the shore and sides of the lake, 
range mainly in size from fine sand to coars
gravel (Koteff, 1964) (fig. 2). Lithologic and 
natural gamma logs, continuous seismic 
4 Geohydrology and Limnology of Walden Pond, Conco
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reflection, and fathometer data collected during the current 
investigation indicate that the lake and its associated fine-
grained lake sediments extend to the till and bedrock surface
which is granite (Zen, 1983), in the deepest areas of Walden
Pond (fig. 2). Fine-grained lake sediments that extend about 
below the lake basins are approximately equal in thickness in
each deep area. 

The bathymetry of Walden Pond reflects the shape of t
original ice block and the topography of the bedrock under th
lake. Two historical bathymetric investigations by Thoreau 
(1854) in the winter of 1846 and by Deevey (1942) in August
1939, were less detailed than the bathymetry mapped for thi
investigation (fig. 3), which revealed a middle basin, previous
unmapped. Fathometer-measured depths in this investigatio
were corrected to a common water-surface elevation of 48.27
above sea level. Decreased depth, by comparison with the h
torical results (table 1), might indicate the recent rate of filling
in (sedimentation) of the lake; however, differences in measu
ment techniques and unrecorded surface datums in previous
investigations make direct comparisons invalid.
rd, Massachusetts
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Figure 2.

 

 Generalized geologic cross section 
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 through Walden Pond, Concord, Massachusetts, and split-spoon interval, lithologic log, and natural-gamma log 
from monitoring well CTW214. (Line of section shown in fig. 4.)
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Figure 3.

 

 Bathymetry of Walden Pond, Concord, Massachusetts.
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HYDROLOGY

The aquifer underlying and surrounding Walden 
Pond, composed of stratified glacial deposits, is bor-
dered by the Sudbury River and Concord River (fig. 1). 
Because there is no surface inlet or outlet to Walden 
Pond, the land-surface area contributing water to the 
lake is defined by its ground-water contributing area. 
Water from precipitation infiltrates the permeable surfi-
cial deposits, recharges the aquifer, then flows in the 
direction of decreasing water levels and discharges to a 
surface-water body. Thus, the surface topography does 
not necessarily define the area contributing water to the 
lake. Along steep shoreline areas sloping towards 
Walden Pond, including areas outside of the ground-
water contributing area, small amounts of overland 
flow may occur after intense precipitation events. 
Knowledge of the land-surface area contributing 
ground water to Walden Pond can be used by water-
resource planners in lake management. Knowledge of 
the water balance of Walden Pond can improve the 
understanding of lake hydrology and nutrient budget.

Data-Collection Methods

Water levels collected at 40 monitoring wells 
and 8 ponds (fig. 4) provided data on water-table 
fluctuations and ground-water flow directions in the 
Walden Pond vicinity. Monitoring wells were installed 
for this study and in addition, other wells were present 
in the vicinity of the Concord municipal landfill. The 
monitoring wells were screened at or near the water 
table with the exception of CTW165, which is part of 
the USGS long-term ground-water level network in 
Massachusetts. The altitude of the monitoring wells 
and pond-stage measuring points were surveyed to 
determine consistent water-level measurements related 
to sea-level altitude.

Water samples for isotopic analysis were stored 
in glass bottles with polyseal caps to prevent evapora-
tion and were analyzed for isotopic values at a U.S. 
Geological Survey laboratory in Reston, Va. Precipita-
tion samples for isotopic analysis were collected over 
the duration of specific precipitation events or over 
several-week periods from July 1998 to September 
1999 in a wet-fall bucket. The wet-fall bucket was part 
of an atmospheric deposition station (fig. 4) and was 
sealed from the atmosphere except during precipitation 
events. Volume-weighted bulk samples were analyzed 

for each month, except for March and April 1999 whe
one volume-weighted sample was used to represent
2-month period. Water samples for isotopic composi
tion of ground water were collected from well LVW30
approximately monthly from July 1998 to June 1999 
and less frequently from wells CTW203 and LVW33 
(fig. 4). These ground-water samples were collected
after an equivalent of at least three volumes of water
the well casing had been removed and temperature 
specific conductance measurements had stabilized. 
Water samples for isotopic analysis were collected 
from the surface of Walden Pond at the east end dee
area (fig. 4) approximately monthly during ice-free 
periods from June 1998 to June 1999. Atmospheric 
temperature and relative humidity, parameters used 
indirectly to calculate the atmospheric composition o
evaporated water, were measured hourly by a senso
2.7 m above the land surface at CTW205, and record
by a data logger.

Water-Table Configuration and 
Extent of the Ground-Water 
Contributing Area

The altitude and configuration of the water tabl
in areas of stratified glacial deposits surrounding 
Walden Pond on July 19, 1999, are shown in figure 4
(modified from Friesz and Colman, 2001). Water-tab
contours were drawn in English units at 1-foot interva
except in areas with shallow gradients, where 0.5-fo
intervals were used. All ponds were assumed to be i
direct hydraulic connection with the underlying aquife
and represent a surface-water expression of the wat
table. Total precipitation for the 12 days previous to th
water-level measurements amounted to 2 mm. The 
direction of ground-water flow, shown by arrows in 
figure 4, can be determined in areas of stratified glac
deposits from the altitude and configuration of the 
water-table contours. In areas of bedrock highs, such
Emersons Cliff and Pine Hill, ground water flows 
downslope through the overlying saturated till in the 
direction of declining land-surface contours because
the bedrock surface is relatively impermeable com-
pared to surficial deposits. The boundary of the grou
water contributing area of Walden Pond, also shown
figure 4, was drawn based on the water-table contou
and ground-water flow directions.
Hydrology 7
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 Altitude and configuration of the water table on July 19, 1999, extent of the ground-water contributing area, and
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The water-table map indicates that Walden Pond 
is a flow-through lake in which the aquifer serves as 
both a recharge and discharge zone for Walden Pond; 
ground-water flows into the lake along its eastern 
perimeter and lake-water flows into the aquifer along 
its western perimeter. The ground-water contributing 
area for Walden Pond also includes the contributing 
area and the surface area of Goose Pond. Precipitation 
that falls directly on the surface of Goose Pond and 
ground water from the direction of Pine Hill that enters 
Goose Pond on its upgradient side, leaves the pond 
either through evaporation or as pond water that enters 
the aquifer on the downgradient sides of the pond. 
Because the altitude of Goose Pond is higher than most 
of the ground-water levels in the aquifer surrounding it, 
pond water flows in a radially outward pattern from the 
pond; some of this pond-derived water that enters the 
aquifer flows west toward Walden Pond.

The Walden Pond ground-water contributing 
area is mainly within the Reservation Boundary and 
other conservation land except for that part of the con-
tributing area that also is part of Goose Pond and its 
contributing area. Depending on subsurface transport 
processes, the Reservation septic leach field and the 
leach fields from residences on privately owned land 
located in the contributing area east of Walden Pond 
are potential source of nutrients to the lake (fig. 4). 
Ground water in the Reservation septic leach field area 
flows westward toward the eastern shore of Walden 
Pond. Leach fields from houses in the contributing area 
are located in areas where ground water flows towards 
Walden Pond directly or indirectly through Goose 
Pond. Ground water in the southeastern part of Walden 
Pond contributing area generally flows northwest from 
till-covered bedrock highs, Emersons Cliff and Pine 
Hill. Most of the ground water from till-covered areas 
probably enters the stratified glacial deposits before 
discharging to Walden Pond. Northeast of Walden 
Pond, the Concord municipal landfill and the trailer 
park are located on the north side of a ground-water 
divide; ground water north of the divide flows gener-
ally northward away from Walden Pond toward Fairy-
land Pond and Mill Brook, a tributary to the Concord 
River (fig. 1). North of Walden Pond near well 
CTW212, a localized ground-water high is present. 
The high may result because of the increased water 
levels resulting from a decrease in flow in the fine-
grained sediments in this area, thinner sediments than 
the surrounding area, or both.

Lake-derived ground water flows towards and 
discharges into the Sudbury and Concord Rivers or t
wetlands and streams draining into these rivers (figs
and 4). Southwest of Walden Pond, between the bed
rock high of Fairhaven Hill and Emersons Cliff, groun
water discharges to Heywoods Meadow and the 
Andromeda Ponds, which drain into the Sudbury Riv
by way of Fairhaven Bay. The steep water-table grad
ent southwest of Walden Pond is caused by large wa
level differences (14 ft) between Walden Pond and d
charging areas. Northwest of Walden Pond, ground 
water discharges into an unnamed stream and wetla
draining into the Sudbury River or into the Mill Brook
watershed that drains into the Concord River.

Ground-Water and Lake-Stage 
Fluctuations

Ground-water levels in the aquifer surrounding
Walden Pond fluctuate because of seasonal and lon
term variations in recharge to the aquifer from precip
tation. Water levels in Walden Pond also fluctuate 
seasonally and over the long-term because inflows 
and outflows to the lake vary. Hydrographs from the 
long-term network well CTW165 and from Walden 
Pond, along with precipitation amounts, are shown 
in figures 5 and 6 to illustrate these seasonal and 
long-term fluctuations.

Water levels in well CTW165, located about 
400 m north of Walden Pond near the intersection of
Routes 2 and 126, have been measured periodically
since February 1965. CTW165 consists of a 0.6 m 
screen about 8 m below the water table in an area 
where the unsaturated zone is about 12 m thick; wat
level fluctuations at this well are assumed to be simil
to water levels in wells screened at the water table. 
Mean ground-water-level altitude for the period of 
record is 48.12 m. The stage of Walden Pond was m
sured during this study and historical stage data wer
available from water levels collected by Walden Pond
State Reservation staff in 1956 and from 1959 to 197
(Walker, 1971). Precipitation data for part of 1957 an
from 1958 to 1999 are from a National Oceanic and 
Atmospheric Administration (NOAA) climatological 
station in Bedford, Mass., 5 km northeast of the stud
area, whereas precipitation data from 1953 to 1956 a
part of 1957 are from the NOAA climatological station
in Framingham, Mass, about 14 km south of the stud
10 Geohydrology and Limnology of Walden Pond, Concord, Massachusetts
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Figure 5.

 

 Water levels at well CTW165 and Walden Pond, Concord, Massachusetts, and annual precipitation 
amounts, Bedford and Framingham, Massachusetts, 1953–99.
area (U.S. Department of Commerce, National Oceanic 
and Atmospheric Administration, 1995–99; Hydro-
sphere Data Products, 1995). The mean annual precipi-
tation over the ground-water contributing area from 
1960 to 1999 is 1.151 m.

The hydrograph from CTW165 (fig. 6) indicates, 
in general, that water levels rise from winter through 
early summer when recharge to the aquifer exceeds 

ground-water discharge; therefore, water is added to
aquifer storage. From summer through winter, water
levels decline because ground-water discharge exce
recharge and water is released from aquifer storage
Water is available to recharge the aquifer after the so
moisture deficit has been satisfied in autumn and bef
late spring when evapotranspiration exceeds precipi
tion. The annual cycle of water-level rises and declin
Hydrology 11
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Figure 6.

 

 Water levels at well CTW165 and Walden Pond, Concord, Massachusetts, and monthly precipitation amounts, 
Bedford, Massachusetts, 1995–99.
lag climatic conditions because of the transit time for 
precipitation to recharge the water table through the 
unsaturated zone and because of storage in the aquifer.

Water levels from Walden Pond show a fluctua-
tion pattern that is similar to the ground-water 
hydrograph for the common years of data because the 
lake is hydraulically connected to the surrounding 
aquifer. The magnitude of fluctuations in Walden Pond 
are less than the aquifer, however, because the lake 
has proportionally greater storage capacity than the 
aquifer. Water levels in the lake rise when inflows from 
ground water and precipitation exceed outflow to 
ground water and evaporation; water levels decline 
when these outflows exceed inflows.

Long-term variations in water levels, reflective of 
long-term storage changes in the aquifer and Walden 
Pond, also are evident from the hydrographs (fig. 5). 
The lowest water-level altitude for the period of record, 
46.38 m at CTW165 and 46.34 m at Walden Pond, was 

in early 1967 after 4 successive years of below avera
precipitation; cumulative precipitation deficiency from
1963 to 1966, amounting to about 1.17 m, caused th
depletion in storage. Two periods of relatively high 
water-level altitudes occurred in 1956 and 1984. The
highest recorded altitude of Walden Pond of 49.8 m 
1956 resulted from 4 successive years of above aver
precipitation. The highest recorded ground-water alti
tude of 49.91 m in 1984 was due to 2 years of above
average precipitation following 2 years of near norma
precipitation. Water levels fluctuated over a range of 
about 3.5 m for the period of record from 1956 to 199

Water-level altitude in CTW165 and of Walden 
Pond, measured on July 19, 1999, to prepare the wa
table map, are shown in figure 5. The ground-water 
altitude was 48.29 m, which is 0.17 m above the long
term average and indicates that the water-table map
figure 4 is representative of near-normal water-table 
conditions. In the eastern half of Massachusetts, 
12 Geohydrology and Limnology of Walden Pond, Concord, Massachusetts
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ground-water levels and streamflows generally were 
below normal from autumn 1998 to late summer 1999 
(Socolow and others, 2000). Water levels in Walden 
Pond and its contributing area, however, were at or 
above-average levels because of the large quantity of 
water in storage and because of the low outflow rates 
from the lake and aquifer.

Water Balance

A water balance is determined by measuring or 
estimating the inflows and outflows to a lake and the 
change, if any, in lake-volume storage (∆S). Water 
enters the lake from precipitation (P) that falls directly 
on the lake surface and from ground water upgradient 
of the lake (ground-water inflow, GWi ). Water dis-
charges from the lake through evaporation (E) from the 
lake surface and from lake-water seepage to the aquifer 
(ground-water outflow, GWo). Thus, the water-balance 
equation for a lake, similar to Walden Pond, without 
surface inflows and outflows can be expressed as

∆S = P + GWi - E - GWo  , (1)

with values expressed in consistent units of either 
volumetric flow rates or linear units.

The water balance for Walden Pond was defined 
based on average annual conditions during the 5-year 
period 1995–99. Preliminary water-balance calcula-
tions indicated that the water-residence time of Walden 
Pond was approximately 5 years; therefore, inflows 
and outflows to the lake should be reflective of the cli-
matic conditions during this period. There was no 
change in long-term lake storage during 1995–99 based 
on the ground-water hydrograph at CTW165 (fig. 6). 
Precipitation, ground-water inflow, and evaporation 
were determined from both site-specific and regional 
data, whereas ground-water outflow was calculated 
indirectly as a residual of the water balance. Inflow 
and outflow values are approximate because of uncer-
tainties in the water-balance components, which can 
be attributed to measurement errors and the use of indi-
rect calculations and regional data for site-specific 
purposes, among other factors (Winter, 1981).

Precipitation and Evaporation

The average annual precipitation on Walden 
Pond and surrounding area during 1995–99 was 
1.215 m, which is 0.064 m above the 40-year long-ter
average. Annual precipitation during this 5-year perio
ranged from 0.147 m below to 0.404 m above long-
term average annual precipitation. An average annua
evaporation of 0.71 m from the lake surface was esti
mated using regional-scale rates from Farnsworth an
others (1982), which were based on pan evaporation
and pan coefficient measurements.

Ground-Water Inflow

The ground-water inflow rate to Walden Pond 
was determined by using contributing-area and isoto
mass-balance approaches. Quantifying ground-wate
inflow with the contributing-area approach requires 
knowledge of the recharge rate and the size of the c
tributing area where ground water flows directly to 
Walden Pond. In addition, because Goose Pond is 
within the contributing area, the quantity of pond wate
entering the aquifer from Goose Pond and flowing as
ground water to Walden Pond must be considered. A
assumption of the contributing-area approach is that 
upgradient ground water flows beneath or by-passes
lake because deep areas of the lake extend to the til
and bedrock surface.

The isotope mass-balance approach is based 
stable isotopes of oxygen and hydrogen that natural
are present in water. Inflows and outflows to a lake, a
the lake water can have different isotopic signatures
these isotopic differences, along with precipitation an
evaporation rates, can be used to determine ground
water inflow to a lake using a technique described by
Krabbenhoft and others (1990). This technique has 
been used successfully in climatic conditions of the 
Midwest (Krabbenhoft and others, 1990; LaBaugh an
others,1997) and the southern United States (Sacks 
others, 1998). The isotopic composition of oxygen 
(δ18Ο) and hydrogen (δD) is defined in delta (δ) 
notation and reported in parts-per-thousand (per mil)
relative to Vienna Standard Mean Ocean Water 
(V-SMOW). Laboratory precision of the oxygen and 
hydrogen isotope results is ±0.2 and ±2 per mil, resp
tively, at the 95-percent confidence interval (Tyler 
Coplen, U.S. Geological Survey, written commun., 
1999).
Hydrology 13
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Contributing-Area Approach

Recharge to ground water was estimated based 
on mean annual runoff from watersheds drained by 
streams. Annual runoff, equivalent to precipitation 
minus evapotranspiration over the watershed, provides 
an estimate of maximum water available for recharge 
to ground water. Because the Walden Pond watershed 
lacks surface-water drainage, all water available to 
recharge the ground water should infiltrate the perme-
able surficial deposits. Randall (1996) constructed lines 
of equal mean annual runoff for the glaciated Northeast 
United States based on record from streamflow-gaging 
stations over the 30-year period, 1951–80; annual 
runoff averaged 0.58 m (depth of water over a water-
shed) when precipitation averaged 1.12 m. Watershed 
studies that have compared precipitation and runoff 
have found that annual evapotranspiration rates are not 
greatly affected by variations in annual precipitation 
(Lyford and Cohen, 1988); therefore, for this study, 
the recharge estimate was increased by 0.10 m to 
0.68 m to account for the increased average precipita-
tion during the 1995–99 period. The ground-water 
contributing area of Walden Pond that is not part of 
Goose Pond, 463,000 m2, was multiplied by the 
recharge value resulting in a ground-water inflow 
value of 315,000 m3/yr.

The ground-water contribution to Walden Pond 
from Goose Pond for 1995–99 was determined by a 
water-balance analysis. Precipitation falling directly on 
Goose Pond, which has a surface area of 46,000 m2, 
was computed to be 56,000 m3/yr. Ground-water 
inflow from the contributing area of Goose Pond, 
which covers an area of 112,000 m2, was calculated to 
be 76,000 m3/yr. Evaporation from the pond surface 
was equal to 33,000 m3/yr. The average annual ground-
water outflow from Goose Pond of 99,000 m3/yr was 
determined by balancing the water budget on the basis 
of the above values. Because about 20 percent of the 
outflow perimeter of Goose Pond lies within the con-
tributing area of Walden Pond, 20 percent of the aver-
age annual ground-water outflow from Goose Pond, or 
20,000 m3/yr, was assumed to flow toward Walden 
Pond.

The average annual ground-water inflow to 
Walden Pond totals 335,000 m3/yr or, expressed as 
depth of water over the lake surface, 1.35 m/yr 
(volumetric flow rate, 335,000 m3/yr, divided by 

lake-surface area, 249,000 m2). The ground-water 
contribution from Goose Pond is 6 percent of this 
total ground-water inflow.

Isotope Mass-Balance Approach

The isotope mass-balance approach combines
the water-balance equation (equation 1) with an 
isotopic mass-balance equation

∆S(δL) = P(δP) + GWi(δGWi) - E(δE) 

- GWo (δGWo) , (2)

where ∆S, P, GWi, E, and GWo have been defined previ-
ously and  δL, δP, δGWi, δE, δGWo are the isotopic com-
position of the lake, precipitation, ground-water inflow
evaporated water, and ground-water outflow, respec
tively. This approach assumes that the lake is at hyd
logic and isotopic steady-state and that the isotopic 
composition of ground-water outflow is equivalent to
the isotopic composition of a well-mixed lake. Becaus
the water-balance equation is rearranged to solve fo
ground-water outflow and then substituted into the is
topic mass-balance equation, this component of the 
outflow drops out and, thus, does not need to be cal
lated directly. The isotopic mass-balance approach f
a lake without surface-water inflow and outflow to 
determine ground-water inflow is expressed as 
(Krabbenhoft and others, 1990)

, (3)

where all parameters are defined previously. Average
isotope values from water samples collected from 
July 1998 to June 1999 were assumed to represent 
the average isotopic values for the 5-year period of 
1995–99.

The temporal distribution of the isotopic compo
sition of precipitation, ground-water inflow, and lake 
water are illustrated using δ18Ο (fig. 7). The δD results 
have similar temporal trends and these values are lis
in appendix A. The δ18Ο of precipitation varied season
ally ranging from -11.2 in December 1998 to -3.26 in
July 1999. This seasonal variation in isotopic compo
tion of precipitation is due primarily to changes in 

GW1

P δL δP–( ) E δE δL–( )+

δGW1
δL–

-----------------------------------------------------------=
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Figure 7.

 

 Temporal variation in delta oxygen-18 of precipitation, ground-water inflow, and lake water, Walden Pond, 
Concord, Massachusetts, and monthly precipitation amounts, Bedford, Massachusetts, June 1998 to September 1999.
atmospheric temperature (Gat, 1980). Volume-
weighted averages for the period July 1998 to June 
1999 were -7.54 for δ18Ο and -42.8 for δD. Isotopic 
composition of ground-water inflow varied little spa-
tially and temporally. Average values from LVW30, 
-9.35 for δ18Ο and -58.7 for δD, were used to represent 
the isotopic composition of ground-water inflow to 
Walden Pond. The average annual isotopic composition 
of ground water has lower values in δ18Ο and δD com-
pared to the average annual isotopic composition of 
precipitation because precipitation recharges the aqui-
fer primarily from autumn to spring, when atmospheric 
temperature is low. Evaporation from the lake surface 

enriches the lake water in oxygen-18 and deuterium 
compared to precipitation and ground-water inflow. 
The δ18Ο of lake water ranged from -4.14 to -3.61, 
which indicated minimal seasonal variation in the iso
topic composition of the lake, as is typical of deep 
surface-water bodies with relatively long water-
residence times (Dincer, 1968). The variation in the 
isotopic composition of lake surface water that was 
present probably results because of the seasonal va
tion in evaporation rates and the seasonal variation i
the isotopic composition of precipitation. The averag
isotopic composition of the lake water based on 
Hydrology 15
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December 1998 and March 1999 isotope values, when 
Walden Pond was thermally and chemically mixed, 
was -3.94 for δ18Ο and -34.4 for δD.

Values of δ18Ο and δD of ground-water inflow, 
lake water, and rainfall-dominated precipitation sam-
ples, excluding the precipitation sample from July 
1999, which may have been affected by evaporation, 
are shown in figure 8. The local meteoric water line 
(LMWL), determined from the rainfall-dominated 
precipitation samples, is defined by the regression 
equation 

δD = 7.22δ18O + 8.52 (n=11; R2=0.96). 

This LMWL differs from the Global Meteoric Water 
Line (GMWL) of δD = 8δ18O + 10 probably because 
of the limited number and range of data points used in 

the calculation. The isotopic composition of ground-
water inflow plots along this LMWL, indicating that 
water recharging the aquifer was unaffected by 
evaporation. Lake water, which has been affected by
evaporation, plots to the right of the LMWL because 
evaporation causes an increased enrichment of δ18Ο 
relative to δD in the lake water. An evaporation line of
less steep slope than the LMWL was drawn from the
midpoint between the average annual isotopic 
composition of precipitation and ground-water inflow
and through the lake samples. The midpoint betwee
the source waters was used because, as explained i
subsequent section of this report, about 50 percent o
the inflows to the lake are from each of these source
This evaporation line indicates the isotopic evolution 
lake water from its source waters (Krabbenhoft and 
others, 1990).
16 Geohydrology and Limnology of Walden Pond, Concord, Massachusetts
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The isotopic composition of evaporated lake 
water was calculated indirectly based on an equation 
derived by Craig and Gorden (1965)

, (4)

where δE and δL have been defined previously and δA is 
the isotopic composition of atmospheric moisture; h is 
relative humidity normalized to the temperature of the 
lake surface water; α* is the equilibrium fractionation 
factor at the temperature of the air-water interface 
defined by Majoube (1971); ∆ε is the kinetic fraction-
ation factor estimated as 14.3 (1-h) and 12.4 (1-h) for 
δ18Ο and δD, respectively (Gilath and Gonfiantini, 
1983), in units of per mil; and ε is the total fraction-
ation factor equivalent to 1,000 (1 - α*) + ∆ε, in units 
of per mil. The isotopic composition of atmospheric 
moisture was not measured directly as part of this 
investigation; however, this parameter can be estimated 
by assuming it is in isotopic equilibrium with precipita-
tion. Krabbenhoft and others (1990) measured this 
parameter in their lake study and found that seasonal 
variation in the isotopic composition of atmospheric 
moisture parallels that of precipitation for most of the 
year with the poorest agreement during the warmest 
months of July and August. They also determined 
that most of the uncertainty in the isotope mass-
balance approach from their lake study was due to 
the uncertainties in δE and evaporation.

Monthly average values of the isotopic composi-
tion of evaporated water were calculated for ice-free 
months with equation 4; an annual volume-weighted 
average was then determined based on estimated 
monthly evaporation rates. The monthly average values 
used to calculate the δ18Ο of evaporated water are 
shown in table 2. The volume-weighted average for 
the July 1998 to June 1999 period was -23.3 for δ18Ο 
and -98.4 for δD.

Ground-water inflow calculated with equation 3 
resulted in 1.73 m/yr for δ18Ο and 1.45 m/yr for δD, 
which compare favorably to the estimate based on the 
contributing-area approach. An average of 1.59 m/yr 
was calculated for the δ18Ο and δD values.

Average Ground-Water Inflow

Ground-water inflow calculated on the basis of
the contributing-area approach was 1.35 m/yr. Groun
water inflow determined on the basis of the isotope 
mass-balance approach was 1.59 m/yr. A ground-wa
inflow value of 1.47 m/yr (366,000 m3/yr), based on 
the average of the contributing-area and isotope mas
balance approaches, was used in the water-balance
analysis for Walden Pond.

Water-Balance Results

Average annual inflow to Walden Pond for the 
5-year period 1995–99, from precipitation and groun
water, totaled about 2.68 m/yr (667,000 m3/yr). The 
water-residence time for the lake, calculated by divid
ing the volume of the lake by the total inflow rate, wa
4.8 years. A summary of the average annual water b
ance is shown graphically in figure 9 partitioned on th
basis of the magnitude of inflow and outflow compo-
nents. Precipitation on the lake surface accounted fo
about 45 percent of the inflow, whereas ground-wate
inflow contributed about 55 percent of the inflow. 

δE

α∗ δL hδA– ε–

1 h– 0.001∆ε+
--------------------------------------=

PRECIPITATION
(45%)

GROUND-
WATER
INFLOW

(55%)
EVAPO-
RATION
(26%)

GROUND-
WATER

OUTFLOW
(74%)

Figure 9. Average annual water balance, Walden 
Pond, Concord, Massachusetts.
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Table 2. Monthly average values used to calculate the delta oxygen-18 of evaporated water, Walden Pond, Concord, Massachusetts

[Temperature—Lake: Monthly or average of bimonthly temperature measurements of lake-surface water; March 1999 estimated from March 1998. Temperature—Air:  July and August 1998 estimated 
from July and August 1999. Relative humidity: Normalized to the temperature of the lake-surface water. Isotopic composition of lake water: May 1999 is an average of April and June 1999. 
Evaporation: Average annual evaporation, distributed monthly is appoximated from the percentage of annual evaporation each month at Mirror Lake, New Hampshire, calculated for 1990–95 and 
1997–98 (Mirror Lake data provided by Donald Rosenberry, U.S. Geological Survey, written commun., 2000). ˚C, degrees Celsius; δA, isotopic composition of atmospheric moisture; δP, isotopic compo-
sition of precipitation; --, not applicable]

Date

Temperature 
(˚C)

Relative 
humidity
(fraction)

Equilibrium 
fraction-

ation
factor

Kinetic
fraction-

ation
factor

(per mil)

Total
fraction-

ation
factor

(per mil)

Isotopic 
composition 

of precip-
itation

(per mil)

Equilibrium 
fractionation 

factor 
between

δP and δA

Isotopic
composition 

of atmo-
spheric

moisture
(per mil)

Isotopic 
composi-

tion of
lake water
(per mil)

Isotopic 
composition 

of evapo-
rated water

(per mil)

Evaporation
(meters)

Lake Air

July 1998................ 26.8 23.6 0.614 0.99086 5.52 14.66 -6.55 9.22 -15.8 -4.14 -23.2 0.15
August 1998 ........... 25.8 21.0 .573 .99078 6.11 15.33 -5.33 9.31 -14.6 -3.61 -24.3 .12
September 1998......22.8 18.2 .570 .99053 6.15 15.62 -7.87 9.56 -17.4 -3.78 -21.6 .10
October 1998.......... 15.8 11.0 .551 .98994 6.42 16.48 -7.25 10.16 -17.4 -3.77 -23.3 .06
November 1998...... 9.4 5.3 .555 .98935 6.36 17.01 -7.46 10.76 -18.2 -3.84 -23.7 .02

December 1998 ...... 5.8 2.4 .547 .98901 6.48 17.47 -11.2 11.11 -22.3 -3.85 -19.7 .01
January 1999 .......... -- -3.0 -- -- -- -- -- -- -- -- -- --
February 1999 ........ -- -.2 -- -- -- -- -- -- -- -- -- --
March 1999 ............ 4.3 3.2 .598 .98886 5.75 16.89 -8.16 11.27 -19.4 -4.04 -22.7 .01
April 1999 .............. 10.5 9.1 .519 .98946 6.88 17.42 -8.16 10.65 -18.8 -4.03 -23.9 .04

May 1999 ............... 17.6 14.9 .603 .99010 5.68 15.58 -5.31 10.00 -15.3 -3.86 -25.2 .08
June 1999 ...............23.2 21.2 .612 .99057 5.55 14.98 -6.42 9.52 -15.9 -3.68 -22.5 .12

Annual volume-weighted average of the isotopic composition of evaporated water (per mil) ....................................................................................................................-23.3
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Outflow from the lake because of evaporation from the 
lake surface accounted for 26 percent of the outflow. 
Ground-water outflow (1.97 m/yr), calculated as the 
residual value of the water-balance equation, accounted 
for 74 percent. Ground water is the dominant pathway 
into and out of Walden Pond.

LIMNOLOGY

The primary public concern for Walden Pond 
relates to the trophic (nutritional) ecology of the lake—
whether urban development or high public use at the 
Walden Pond State Reservation may have altered or 
will alter the relation between plant nutrient supplies 
and plant growth in the lake. Plant nutrient supplies, 
especially of growth-limiting nitrogen (N) and phos-
phorus (P), are key water-quality features of kettle-lake 
investigations because nutrients determine the type and 
quantity of lake biomass production, and plant growth, 
in turn, affects water clarity and controls the amount of 
summer dissolved oxygen (DO) present in the deep 
water. In addition, cycling of natural bioactive chemi-
cal constituents of the water is affected by plant pro-
duction as is, to a degree, cycling of bioconcentrating 
pollutants like polychlorinated biphenyls and mercury. 
Trophic ecology, in turn, depends on hydrogeology—
sources, amounts, and cycling of water, and on chemi-
cal constituents carried by the water. The geohydro-
logic appraisal of Walden Pond limnology developed in 
this report leads to a determination of the ecological 
trophic state of the lake and to assessments of past 
and potential future ecological changes.

External Inputs

Sources and amounts of water that enter Walden 
Pond were described in the “Hydrology” section of this 
report. In the “Limnology” section, estimates are made 
of the chemical constituents contained in the water and 
of the constituent fluxes represented by flow of water 
into Walden Pond. Sources of nutrient inputs for 
Walden Pond, which lacks a stream input, are ground 
water, atmospheric deposition, avian, stocked fish, 
swimmers, and direct runoff from parking-lot and road 
pavement.

Nutrient inputs for Walden Pond were estimated 
recently by Baystate Environmental (1995). The 
present investigation remeasured ground-water and 
atmospheric-deposition inputs, which are important 
particularly for nutrient budgets of kettle-hole seepage 

lakes. Values for other nutrient budget components 
were taken directly or modified from Baystate Enviro
mental (1995).

Ground-Water Nutrient 
Inputs

Ground-water nutrient inputs were divided into
point-source and background contributions. Dependi
on geochemical conditions in the aquifer, estimates 
of inputs from these sources can be determined from
the product of ground-water flow and measured 
concentrations of nutrients.

Sampling and Analytical 
Methods for Ground Water

Chemical-constituent concentrations in ground
water were determined by sampling 12 monitoring 
wells open to the water table and 2 deeper wells, 
CTW 213 and CTW 214 (30.5 and 32.9 m, respec-
tively, below ground surface) (fig. 10). The deeper we
was screened 19 m below the water table. Wells wer
cased with PVC and 1.5-m screens were installed, 
appropriate for sampling for nutrients, major ions, iro
(Fe), and manganese (Mn) (Lapham and others, 199
Additional information on ground-water quality was 
obtained from steel, temporary-drive-point wells 
located along the beach within the ground-water 
contributing zone (fig. 10).

Water quality was monitored in wells monthly 
during November 1998 to September 1999. Samples
were collected after pumping at least three well vol-
umes and after conductance stabilized. Whole-water
samples were collected first, followed by dissolved 
samples, which were collected using an in-line Gelm
cartridge filter (0.4 µm pore size). During the March 
1999 sampling, four wells (CTW 213, 214, 205 and 
216) were packed off above the well screen using a 
Keck pump and packer to avoid contamination with 
atmospheric oxygen. After packing, wells were 
pumped from 2 to 4 L/min, and DO, pH, and conduc
tance were monitored with a flow-through cell, until 
stable values were obtained. 

In October 1999, the 19 temporary drive-point 
wells (0.76 m below lake water level) were installed i
shallow water (0.3 m) and sampled once at intervals
along most of the shore bordering the contributing ar
of Walden Pond (fig. 10). The samples were referenc
as “beach-perimeter samples.” Before sampling, the
drive-point wells were flushed for more than three 
casing volumes using a peristaltic tubing pump. 
Limnology 19
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; .

Figure 10. Specific conductance, nitrate concentrations, and estimated extent of the septic-system plume, in the area of 
the Walden Pond State Reservation septic leach field, Concord, Massachusetts.
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Samples were collected by pumping directly to sample 
bottles, for whole-water samples, or through a capsule 
filter, for dissolved samples. In December 1998, two 
drive-point wells were installed in shallow water where 
contaminated ground water was thought to discharge to 
Walden Pond (fig. 10). Samples from these wells were 
obtained at 0.76 m intervals below the lake-water sur-
face elevation continuing down to a depth of 4.6 m. 
These samples were referenced as “beach-depth 
samples.”

With the exception of samples obtained for P 
analysis, total and dissolved samples were preserved in 
the field according to methods of Fishman (1989) and 
shipped to the U.S. Geological Survey National Water 
Quality Laboratory for analysis. N, major ions, Fe, and 
Mn were analyzed according to U.S. Geological 
Survey methods (Fishman, 1989). Care was taken with 
P samples to minimize contamination during sampling. 
Procedures included use of acid-rinsed polyethylene 
bottles, use of plastic gloves during sampling, and 
transport of sample bottles in clean plastic bags. P sam-
ples were preserved with ultra-pure, concentrated sul-
furic acid, 20 drops acid (1 mL) dispensed from a 
teflon dropping bottle per 250 mL sample (Stauffer, 
1983). In the laboratory, filtered and whole-water sam-
ples were digested using potassium persulfate (Menzel 
and Corwin, 1965) and analyzed by the phosphomo-
lybdate method (Strickland and Parsons, 1968, as mod-
ified by Stauffer, 1983.) Digested whole-water and 
filtered sample results were reported as total phospho-
rus and total dissolved phosphorus, respectively. With 
the use of the methods and procedures described above, 
a detection limit of 1 µg P/L was achieved. Analysis of 
two 25 µg P/L USGS standard-reference water samples 
were within 1 µg P/L of the standard value.

Geochemical Conditions in the
Aquifer

Determination of nutrient speciation and 
geochemical environment of the ground water was an 
investigative priority in addition to determination of 
nutrient content of the ground water. Speciation and 
geochemical conditions affect nutrient conservation 
during ground-water transport through the aquifer 
and during crossing of the sediment-water interface 
at discharge to the lake. In particular, the presence or 
absence of DO in the aquifer may determine whether 

N species will be oxidized to nitrate (NO3
-) or reduced 

to ammonium (NH4+), or whether Fe will form the 
reduced, soluble ferrous ion (Fe+2). Determination 
of these forms for N is important because anions are
more nearly conserved in transport than are cations,
and for Fe because Fe+2 precipitates in the presence 
of oxygen—during discharge at the sediment-water 
interface—and the hydrous ferric oxide formed can 
sorb or coprecipitate phosphate (PO4

3-) (Ryden and 
others, 1987).

Geochemical conditions of the aquifer were 
determined by collection of samples from packer-sam
pled wells, where changes in samples during sampli
caused by contact with atmospheric oxygen would b
eliminated. The well sites selected for packer sampli
were chosen on the basis of proximity to areas of the
aquifer that might be most subject to reduced condi-
tions if those conditions did exist. DO can be remove
during ground-water flow in long, deep flow paths 
(DeSimone and others,1995) and in flow paths wher
organic carbon, such as might be present in septic 
leachate, has been discharged (Walter and others, 
1996). Selected were the two deep wells, CTW 213 a
CTW 214, and two wells open to the water table nea
the Walden State Reservation septic leach field, CTW
203 and CTW 216 (fig. 10).

The four packer-wells sampled in March 1999 
were aerobic; DO concentrations ranged from 7.0 to
10.7 mg/L (table 3). Redox sensitive constituents, su
as N, Fe, and Mn, sampled for in these four as well a
in nine other wells (table 3) also indicated that oxidiz
ing conditions prevailed as indicated by the presence
NO3

-, rather than NH4+, and low concentrations of dis-
solved Fe (below detection limit of 10 µg/L in all wells 
but two, with 150 and 200 µg/L). Only concentrations 
of dissolved Mn (4.2–1,000 µg/L) gave an indication of 
reducing conditions.

The results described above indicate that grou
water in the aquifer was aerobic and ground-water 
transport of N would be as NO3-, which moves conser-
vatively, that is, without loss. Fe and P would not 
co-precipitate during passage through the interface, 
because Fe concentrations were too low to affect P. 
Nutrient loads from the aquifer to the lake, then can 
be determined by the product of dissolved-nutrient 
concentration and ground-water discharge.
Limnology 21
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Table 3. Ground-water quality constituents that indicate geochemical conditions in the aquifer of Walden Pond, Concord and Lincoln, Massachusetts

[No., number; ˚C, degrees Celsius; µg/L, microgram per liter; µS/cm, microsiemens per centimeter; mg/L, milligram per liter; <, actual value is less than value shown; --, not measured]

Local
identifier

Station No. Date Time

Specific
conduc-

tance
(µS/cm at 

25˚C)

Field
pH

(standard
units)

Water
temper-

ature
(˚C)

Dissolved
oxygen

Calcium,
dissolved

(mg/L)

Magnesium,
dissolved

(mg/L)

Potassium,
dissolved

(mg/L)

Sodium,
dissolved

(mg/L)

Alkalinity
(mg/L

as CaCO3)

Sulfate,
dissolved

(mg/L
as SO4)

PACKER-SAMPLED WELLS

CTW  213 4226270711959023-23-99 1225 33 6.1 9.3 8.8 2.5 0.75 1.1 2.1 6 3.0
CTW  214 4226270711959033-23-99 1120 49 6.0 9.7 7.0 4.4 1.3 2.3 5.3 15 5.0
CTW  203 4226220711959013-24-99 0820 124 5.9 8.7 8.9 9.8 2.0 1.1 8.6 8 11
CTW  216 4226260711959013-24-99 1020 371 5.5 9.3 10.7 24 3.9 21 23 7 18

SAMPLED WITHOUT PACKER

CTW  244 4226250711959013-24-99 1138 537 5.3 -- -- 37 6.2 24 26 5 6.3
CTW  205 4226270711959013-24-99 1455 132 5.8 -- -- 8.6 1.6 1.7 13 12 15
CTW  205 4226270711959018-19-98 1330 436 5.4 -- -- 37 6.8 4.4 24 -- 4.3
CTW  217 4226270711959043-24-99 1259 165 5.1 9.6 -- 9.8 3.1 2.2 9.0 3 1.5
CTW  218 4226280711958013-24-99 1325 176 5.7 10.5 -- 13 2.2 6.9 8.7 10 7.7

LVW   30 4226160712003013-24-99 0920 124 5.8 8.8 -- 3.0 .88 .62 18 8 9.5
CTW  204 4226270711957013-24-99 1400 58 6.5 9.5 -- 4.2 .88 .57 4.4 10 7.4
CTW  206 4226260712004013-24-99 1430 77 6.1 -- 5.5 1.0 1.4 6.4 12 2.8
LVW   33 4226130712012013-24-99 1540 60 5.9 8.5 -- 2.2 .55 .35 8.1 5 6.7
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Table 3. Ground-water quality constituents that indicate geochemical conditions in the aquifer of Walden Pond, Concord and Lincoln, Massachusetts—Continued

Local
identifier

Station No. Date Time
Chloride,
dissolved

(mg/L)

Fluoride,
dissolved

(mg/L)

Silica,
dissolved

(mg/L
as SiO2)

Ammonia,
nitrogen
(mg/L as 

N)

NO2 + NO3,
nitrogen,
dissolved

(mg/L as N)

Phos-
phorus,

total
dissolved
(mg/L as 

P)

Iron, 
dissolved

(µg/L)

Iron,
total

(µg/L)

Manga-
nese,

dissolved
(µg/L)

Manga-
nese,
total

(µg/L)

PACKER-SAMPLED WELLS

CTW  213 4226270711959023-23-99 1225 2.7 <0.10 9.9 0.144 0.39 -- 150 -- 158 --
CTW  214 4226270711959033-23-99 1120 3.3 <.10 16 .036 .37 -- <10 -- 64 --
CTW  203 4226220711959013-24-99 0820 9.8 <.10 16 .024 4.8 -- <10 -- 33 --
CTW  216 4226260711959013-24-99 1020 85 <.10 31 .024 0.027 <10 3,100 629 660

SAMPLED WITHOUT PACKER

CTW  244 4226250711959013-24-99 1138 43 0.11 24 <.020 45.6 -- <10 270 1,000 1,100
CTW  205 4226270711959013-24-99 1455 6.9 <.10 18 .035 5.06 -- <10 10 11 11
CTW  205 4226270711959018-19-98 1330 35 <.10 19 .092 36.1 <.010 <10 -- 133 --
CTW  217 4226270711959043-24-99 1259 14 <.10 16 .570 12.2 .060 200 450 829 830
CTW  218 4226280711958013-24-99 1325 13 <.10 20 <.020 8.36 .022 <10 1,500 270 300

LVW   30 4226160712003013-24-99 0920 23 <.10 9.8 -- -- -- <10 -- 16 --
CTW  204 4226270711957013-24-99 1400 4.3 <.10 14 .039 .32 -- <10 -- 4 --
CTW  206 4226260712004013-24-99 1430 10 <.10 15 <.020 .43 -- <10 -- 6 --
LVW   33 4226130712012013-24-99 1540 8.2 <.10 12 <.020 .05 -- <10 -- 10 --



 

ri-
r 
 

ses 

n 

 
ent 

 
 

-
k, 
. 

-
e 
i-
ate 

 
 

i-
f 
r 
-

 
 
. 
 
 

Ground-Water Point Sources

Three large point sources were present that 
potentially could discharge nutrients to ground water in 
the Walden Pond area: the Concord municipal landfill, 
septic leach fields associated with a former trailer park, 
and the septic leach field of the Reservation bathhouse 
and headquarters (fig. 4). Input to Walden Pond by way 
of ground water from the first two sources was ruled 
out by delineation of the ground-water contributing 
area (fig. 4), whereas the septic leach field of the 
Reservation bathhouse and headquarters was within 
the ground-water contributing area. 

Ground-water flow direction at the septic leach 
field, as determined by triangulation among water table 
wells, varied by as much as 30 degrees during the 
course of a year but generally was in the direction of 
the plume indicated in figure 10. The presence of a 
ground-water plume containing N was measured in 
wells immediately downgradient from the Walden 
Pond State Reservation leach field (fig. 10 and table 4) 
and in the drive-point wells at the northeast shore of 
Walden Pond (fig. 10 and table 5). NO3

- ranged from 
2.5 to 45.6 mg N/L (one outlier at 0.21 mg N/L) in the 
within-plume monitoring wells and from 0.9 to 6.7 mg 
N/L (one outlier at <0.05 mg N/L) in the northeast-
shore beach samples. Repeated measurements at the 
monitoring well sites (table 4) indicated that conduc-
tance and N concentrations fluctuated in the plume 
wells, likely because of changes in the ground-water 
flow pattern or source variability (seasonal use).

Comprehensive water analysis of selected 
ground-water samples (table 3) confirmed the plume 
presence by analogy with water-quality constituents 
in other sewage-related plumes. In coarse-grained, 
glacial drift aquifers in eastern Massachusetts, sewage 
plumes typically contain high levels of conductance, 
chloride (Cl), sodium (Na), and species of sulfur (S) 
and N, compared to ground water outside the plume. 
DO generally is present at low concentrations in 
the plumes and reducing conditions may develop 
(DeSimone and Howes, 1996; LeBlanc, 1984). Some 
of these characteristics of sewage plumes occur in the 
samples from the wells that are downgradient of the 
septic leach field between the leach field and Walden 
Pond. Calcium (Ca), magnesium (Mg), Mn, potassium 
(K), Na, Cl, sulfate (SO42-), and specific conductance, 
were higher in wells CTW 205, 216, 217, 218, and 244 
downgradient of the leach field, compared to concen-
trations of these constituents in the deep wells 
CTW 213 and CTW 214 and wells CTW 204, 

CTW 206, LVW 30, and LVW 33, which were outside
of the plume (table 3). Well CTW 203 appears to be 
located south of the plume (fig. 10), but contained va
ous constituents including N at concentrations simila
to that of plume water. A possible explanation is that
elevated N concentrations were reaching this well 
because it is adjacent to a corral containing 5–10 hor
during the summer.

Nutrient load transported in the plume to Walde
Pond could be estimated from the product of the 
nutrient concentration in the leach-field feed water 
(table 4, septic tank) and water use at the bathhouse
and Reservation headquarters, provided that no nutri
loss occurred during transport. The possibility of 
nutrient loss is considered separately for N and P.

N loss during leachate infiltration and transport
can be determined by comparison of N concentration
with specific conductance, which generally is conser
vative in waste water, in samples from the septic tan
the water-table wells, and the beach drive-point wells
N was present in the septic tank as NH4

+ and organic N 
and converted to NO3- during infiltration from the 
septic leach field to the water table (table 4). Conduc
tance and N were an order of magnitude higher in th
septic-tank samples than in water-table wells immed
ately downgradient, indicating that the sewage leach
was diluted during infiltration and transport to the 
wells. Assuming end-member mixing of N in the 
plume with background ground water, the relation of
N to conductance should be linear if N is transported
conservatively and given as 

, (5)

where N and C refer to nitrogen concentration and 
conductance, respectively, and the subscripts b, l, and s 
refer to concentrations in the background wells, the 
septic tank, and plume wells, respectively.

A plot of all the data and the theoretical end-
member mixing line (fig. 11) indicates that the upgrad
ent samples (samples out of the plume), and many o
the downgradient well data, fall near the end-membe
mixing line, but the beach-depth samples and beach
perimeter samples, with one exception, do not. The 
divergence of the first two data types from the end-
member mixing dilution line could result from loss of
N in transport, or from a sewage N:conductance ratio
that fluctuates from the measured septic-tank values
Assuming that the divergence represents N loss, the
degree of loss is not more than about 20 percent for
the downgradient wells (fig. 11). 

Ns

Cs Nl Nb–( )
Cl Cb–( )

------------------------------
Cb Nl Nb–( )

Cl Cb–( )
------------------------------– Nb+=
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Table 4. Ground-water concentrations of nutrients and specific conductance from water monitoring wells in the aquifer of Walden Pond, Concord and Lincoln, 
Massachusetts—Continued

Local
identifier

Station No. Dates Time

Specific
conduc-

tance
(µS/cm at 

25˚C)

Field
pH

(standard
units)

Water
temper-

ature
(˚C)

Alkalinity
(mg/L as 
CaCO3)

Ammonia
nitrogen,
dissolved

(mg/L as N)

Ammonia 
plus 

organic 
nitrogen, 
dissolved 

(mg/L as N)

Ammonia
plus 

organic
nitrogen,

total
(mg/L as N)

NO2 + NO3,
nitrogen,
dissolved

(mg/L as N)

Phos-
phorus,

total
(mg/L as P)

Phos-
phorus,
total dis-
solved

(mg/L as P)

SEPTIC TANK

5-28-99 4,040 -- -- -- 460 -- 460 0.05 60.2 --
7-21-99 1248 -- 5.6 11.2 9 110 -- 100 <.05 10.5 11.4
9-14-99 1315 1,907 -- -- -- 150 -- 160 <.05 13.1 17.5

UPGRADIENT OR OUTSIDE OF THE SEPTIC-SYSTEM LEACH-FIELD PLUME

LVW   33 4226130712012012-18-99 1328 70 8.5 8.5 -- -- -- -- -- -- --
4226130712012013-24-99 1540 60 5.9 8.5 5 <0.02 -- -- 0.05 0.048 0.008
4226130712012014-26-99 1514 65 -- 8.9 -- -- -- -- -- -- --
4226130712012016-04-99 1020 79 5.9 9 7 <.02 -- -- <.05 .105 .013
4226130712012017-22-99 1015 62 5.9 9 6 <.02 -- -- .18 .062 .009
4226130712012019-14-99 1232 63 5.9 8.8 7 <.02 -- -- <.05 -- .002

LVW   30 4226160712003017-10-98 1549 163 -- 10.4 -- -- -- -- -- -- --
4226160712003018-12-98 1425 121 -- 8.9 -- -- -- -- -- -- --
4226160712003019-18-98 1436 96 -- 8.9 -- -- -- -- -- -- --
42261607120030110-20-98 1030 -- -- -- -- -- -- -- -- -- --
42261607120030111-04-98 1420 -- -- -- -- -- <.1 -- .01 .021 .001

42261607120030111-20-98 0956 99 -- 9.1 -- -- -- -- -- -- --
42261607120030112-11-98 1131 97 -- 8.6 -- -- -- -- -- -- --
4226160712003011-20-99 1035 99 -- 8 -- -- -- -- -- -- --
4226160712003011-20-99 1051 -- -- -- -- -- <.1 -- .02 -- --
4226160712003012-18-99 1205 116 -- 8.5 -- -- -- -- -- -- --

4226160712003013-24-99 0913 124 5.8 -- 6 .03 -- -- .05 .053 .004
4226160712003013-24-99 0920 124 5.8 8.8 8 -- -- -- -- -- --
4226160712003013-24-99 1140 537 5.3 9.2 6 -- -- -- -- -- --
4226160712003013-24-99 1459 132 5.8 9.5 14 -- -- -- -- -- --
4226160712003014-26-99 1028 131 -- 9 -- -- -- -- -- -- --

4226160712003016-04-99 1215 156 -- 9.3 -- -- -- --
4226160712003016-04-99 1220 156 5.8 9.3 8 <.02 -- -- <.05 .067 .004
4226160712003017-22-99 0935 114 5.8 9.3 7 <.02 -- -- <.05 .018 .004
4226160712003019-14-99 1052 105 5.8 9.1 17 <.02 -- -- <.05 -- .003

Table 4. Ground-water concentrations of nutrients and specific conductance from water monitoring wells in the aquifer of Walden Pond, Concord and Lincoln, 
Massachusetts

[E, estimated; No., number; ˚C, degrees Celsius; µS/cm, microsiemens per centimeter; mg/L, milligram per liter; <, actual value is less than value shown; --, not measured]
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UPGRADIENT OR OUTSIDE OF THE SEPTIC-SYSTEM LEACH-FIELD PLUME— Continued

CTW  227 4226240712011011-27-99 1600 -- -- -- -- -- <0.1 -- 0.01 -- --
4226240712011019-14-99 1015 77 6 -- 11 <0.02 -- -- <.05 -- <0.001

CTW  204                             42262707119570111-04-98 1230 -- -- -- -- -- <.1 -- .13 0.022 .022
4226270711957011-27-99 1110 -- -- -- -- -- <.1 -- .18 -- .025
4226270711957013-24-99 1400 58 6.5 9.5 10 .04 -- -- .32 .027 .025
4226270711957016-04-99 1105 70 6.1 10.1 11 <.02 -- -- .27 .027 .027
4226270711957017-21-99 1455 58 6 10 10 <.02 -- -- .36 .027 .025
4226270711957019-13-99 1445 57 6.1 9.8 8 <.02 -- -- .31 -- --

CTW  206 42262607120040111-04-98 1545 -- -- -- -- -- <.1 -- .32 .027 .005
4226260712004011-27-99 1200 -- -- -- -- -- <.1 -- .29 -- .016
4226260712004013-24-99 1430 77 6.1 -- 12 <.02 -- -- .43 .045 .019
4226260712004016-04-99 1325 75 6.5 11.7 8 <.02 -- -- .26 .028 .018
4226260712004017-22-99 0904 66 6.2 11.5 14 <.02 -- -- .27 -- --
4226260712004019-13-99 1510 99 6 11.5 13 <.02 -- -- .16 -- .004

CTW  207 42262807120080111-04-98 1440 -- -- -- -- <.1 -- .02 .055 .006

CTW  213 4226270711959023-23-99 1225 33 6.1 9.3 6 .14 -- -- .39 .053 .013
4226270711959025-28-99 0946 46 5.8 10.1 8 .11 -- -- .47 .038 .011
4226270711959027-21-99 1320 51 6.2 10.1 10 .09 -- -- .41 -- .032
4226270711959029-13-99 1415 54 6.2 9.8 10 .02 -- -- .50 .021 .004

CTW  214 4226270711959031-27-99 1530 -- -- -- -- -- <.1 -- .32 -- --
4226270711959033-23-99 1120 49 6 9.7 15 .04 -- -- .37 .021 .016
4226270711959036-04-99 1015 -- -- -- -- <.02 -- -- .36 .016 .015
4226270711959037-21-99 1220 65 6.8 9.8 17 <.02 -- -- .39 -- .032
4226270711959039-13-99 1130 65 6.7 10 16 .02 -- -- .47 .121 .003

CTW  203 42262207119590110-20-98 1125 -- -- -- -- -- -- -- -- -- --
42262207119590111-04-98 1340 -- -- -- -- -- <.1 -- 3.14 .024 .021
42262207119590112-11-98 1209 170 -- 9 -- -- -- -- -- -- --
4226220711959012-18-99 1230 153 -- 9.1 -- -- -- -- -- -- --
4226220711959013-24-99 0820 124 5.9 8.7 8 .02 -- -- 4.80 .030 .027

Table 4. Ground-water concentrations of nutrients and specific conductance from water monitoring wells in the aquifer of Walden Pond, Concord and Lincoln, 
Massachusetts—Continued

Local
identifier

Station No. Dates Time

Specific
conduc-

tance
(µS/cm at 

25˚C)

Field
pH

(standard
units)

Water
temper-

ature
(˚C)

Alkalinity
(mg/L as 
CaCO3)

Ammonia
nitrogen,
dissolved

(mg/L as N)

Ammonia 
plus 

organic 
nitrogen, 
dissolved 

(mg/L as N)

Ammonia
plus 

organic
nitrogen,

total
(mg/L as N)

NO2 + NO3,
nitrogen,
dissolved

(mg/L as N)

Phos-
phorus,

total
(mg/L as P)

Phos-
phorus,
total dis-
solved

(mg/L as P)



L
im

n
o

lo
g

y
27
UPGRADIENT OR OUTSIDE OF THE SEPTIC-SYSTEM LEACH-FIELD PLUME— Continued

CTW 203 4226220711959014-26-99 1102 108 -- 9.6 -- -- -- -- -- -- --
4226220711959016-04-99 1235 140 5.9 9.5 12 <0.02 -- -- 3.89 0.227 0.027
4226220711959017-21-99 1520 127 5.8 9.7 14 .03 -- -- 4.66 -- .039
4226220711959019-14-99 1115 131 5.8 9.6 13 <.02 -- -- 4.88 -- .024

.013

DOWNGRADIENT FROM SEPTIC-SYSTEM LEACH-FIELD, WITHIN THE PLUME

CTW 244 4226250711959011-20-99 1343 -- -- -- --- <0.1 -- 25.6 -- --
4226250711959013-24-99 1138 537 5.3 -- 5 <0.02 -- -- 45.6 0.019 0.015
4226250711959016-04-99 0845 469 5.4 9.5 6 <.02 -- -- 13.5 .034 .028
4226250711959017-21-99 1046 457 5.2 15.1 6 .25 -- -- 30.4 -- .055
4226250711959019-13-99 1000 438 5.2 9.5 4 .42 -- -- 24.8 .017 .004

CTW 216 4226260711959011-20-99 1428 -- -- -- -- -- <.1 -- 30.4 -- --
4226260711959013-24-99 1020 371 5.5 9.3 7 .02 -- -- -- .225 .027
4226260711959016-04-99 0910 475 5.3 9.8 8 <.02 -- -- 26.3 .044 .030
4226260711959017-21-99 1235 570 5.2 10.1 5 <.02 -- -- 38.5 .032 .052
4226260711959019-13-99 1025 644 5.1 10.2 5 .12 -- -- 37.8 .015 .008

CTW 205 4226270711959018-19-98 1330 394 5.4 -- -- .09 -- -- 36.1 -- <.01
42262707119590111-05-98 1045 -- -- -- -- -- .2 -- -- .013 .016
4226270711959012-02-99 1055 124 5.8 9.1 -- -- <.1 -- 5.25 -- --
4226270711959013-24-99 1455 132 5.8 -- 12 .04 -- -- 5.06 .026 .025
4226270711959016-04-99 0945 260 5.7 11 11 <.02 -- -- 12.9 .020 --
4226270711959017-21-99 1425 208 5.7 11.5 11 <.02 -- -- 11.9 -- .047
4226270711959019-13-99 1150 162 5.8 11.3 12 <.02 -- -- 6.44 -- --

CTW 217 4226270711959041-20-99 1524 -- -- -- -- -- .1 -- .21 -- --
4226270711959043-24-99 1259 165 5.1 9.6 3 .57 -- -- 12.2 .071 .060
4226270711959045-28-99 0820 173 5.3 10.3 9 .27 -- -- 12.1 .314 .062
4226270711959049-13-99 1212 162 5.5 10.8 10 .06 -- -- 8.68 -- .055

CTW 218 4226280711958011-21-99 1033 -- -- -- -- -- <.1 -- 2.56 -- --
4226280711958013-24-99 1325 176 5.7 10.5 10 <.02 -- -- 8.36 .046 .022
4226280711958016-04-99 1040 174 5.6 10.7 10 <.02 -- -- 8.72 .032 .026
4226280711958017-21-99 1405 158 5.6 10.9 10 <.02 -- -- 8.95 -- .044
4226280711958019-13-99 1330 226 5.5 10.6 7 .03 -- -- 13.6 .032 .007

Table 4. Ground-water concentrations of nutrients and specific conductance from water monitoring wells in the aquifer of Walden Pond, Concord and Lincoln, 
Massachusetts—Continued

Local
identifier

Station No. Dates Time

Specific
conduc-

tance
(µS/cm at 

25˚C)

Field
pH

(standard
units)

Water
temper-

ature
(˚C)

Alkalinity
(mg/L as 
CaCO3)

Ammonia
nitrogen,
dissolved

(mg/L as N)

Ammonia 
plus 

organic 
nitrogen, 
dissolved 

(mg/L as N)

Ammonia
plus 

organic
nitrogen,

total
(mg/L as N)

NO2 + NO3,
nitrogen,
dissolved

(mg/L as N)

Phos-
phorus,

total
(mg/L as P)

Phos-
phorus,
total dis-
solved

(mg/L as P)
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Figure 11. Relation between conductance and nitrate concentration in samples from ground-water wells away 
from the plume and within the plume from the Walden Reservation septic leach field, and samples from drive-
point wells along the beach of Walden Pond, Concord, Massachusetts. [The solid lines show end-member 
mixing between water from the septic tank and background water for no-loss and 20-percent loss of nitrogen.]

Table 5. Ground-water concentrations of nutrients and specific conductance in the beach-depth temporary drive-point wells, 
Walden Pond, Concord, Massachusetts

[No., number; ˚C, degrees Celsius; m, meter; µS/cm, microsiemens per centimeter; mg/L, milligram per liter;--, no data]

Figure 10
identifier

Station No. Date Time
Depth below

surface
(m)

Specific
conductance

(µS/cm
at 25˚C)

Nitrogen
NO2 + NO3, 
dissolved

(mg/L as N)

Phosphorus,
total dissolved

(mg/L as P)

Beach depth 1 422624071200601 12-04-98 1515 0.76 227 6.39 0.002
422624071200601 12-04-98 1445 1.52 237 2.81 --
422624071200601 12-04-98 1420 2.29 174 1.20 --
422624071200601 12-04-98 1400 3.05 164 1.68 --
422624071200601 12-04-98 1326 3.81 157 5.21 .007
422624071200601 12-04-98 1230 4.57 155 .90 --

Beach depth 2 422623071200501 12-07-98 1105 .76 190 4.02 .001
422623071200501 12-07-98 1135 1.52 190 3.96 .002
422623071200501 12-07-98 1205 2.29 181 4.54 .007
422623071200501 12-07-98 1245 3.05 187 6.24 .010
422623071200501 12-07-98 1320 3.81 160 3.42 .008
422623071200501 12-07-98 1400 4.57 145 2.66 .010
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Sorption of the NH4+ onto negatively charged 
solids in the aquifer can cause losses from the septic-
tank N. Investigation of this process at septage-system 
infiltration beds in Orleans, Mass. (DeSimone and 
Howes, 1998), indicated that 80 percent of the N dis-
charged to the beds arrived at the water table. The 
NH4

+ that is not lost through sorption, but rather con-
verted to NO3- during passage through the unsaturated 
zone, likely will continue in transport through the satu-
rated zone. NO3- in aerobic ground water is not readily 
converted to other forms, nor are anions such as NO3

- 
retarded in flow by interaction with the aquifer solid 
phase (Desimone and Howes, 1996; DeSimone and 
Howes, 1998). 

Deviation from end-member mixing occurs for 
the beach-perimeter samples where the relation 
between conductance and NO3

- appears to breakdown. 
Results from the beach-perimeter sampling indicated 
that high N values were restricted to the northeast 
corner of the lake (fig. 10). Beach-depth sampling in 
the northeast location indicated the high N values 
extended some distance (up to about 4.5 m) below the 
surface (table 5). Although the nitrogen values indi-
cated the discharge of plume water, the conductance:N 
values from the beach-depth and perimeter sampling 
generally were greater than those associated with dilu-
tion of plume water (fig. 11). The wide distribution of 
high conductance in the beach sampling may result 
from highway salt applied to State Route 126 (fig. 10), 
which likely moves downgradient toward the lake. 
Only in the western-most sample on the south side of 
the lake does specific conductance approach values 
(less than 80 µS) from wells upgradient of the highway 
outside of the plume. The specific conductance at this 
site likely results from ground-water flow on a path 
from Emersons Cliff (fig. 4), which would not be 
affected by highway runoff. Consideration of highway 
salt explains how high conductance could be present on 
the shore without high NO3- concentrations.

Assuming 20-percent loss of N after discharge 
from the septic tank, concentration for the load compu-
tation is 0.8 times the average of the three septic-tank 
nitrogen measurements (table 4). Water use at the 
bathhouse and Reservation headquarters averaged 
1,350 m3/yr from 1996 to 1998. The product of the N 
concentration and water use delivered to Walden Pond 
in the plume is 260 kg N/yr (table 6).

In contrast to N, loss rates for P that occurred 
between the septic tank and ground water approach
100 percent. Whole-water P concentrations were hig
in the leach-field feed water (10 to 60 mg/L, n=3), bu
P apparently adhered to aquifer solids during passag
through 12 m of unsaturated sands underlying the be
Whereas N concentration was about 10 times less in
the plume water adjacent to the leach field than in th
septic tank, P was 1,000 times less. Background P c
centrations tended to be greater from samples at we
between Goose Pond and Walden Pond (CTW 204, 
CTW 206, and CTW 203) than at those north and sou
of Walden Pond (LVW 30, LVW 33 and CTW 227). 
P concentrations in the plume wells were approxi-
mately the same as the background concentrations i
wells between Goose Pond and Walden Pond. P in 
water from the beach samples was not correlated wi
N in those samples (table 5); there was not a tenden
towards high P concentration in the northeast corner
the lake where high N was detected. Thus, P transpo
in the plume above that of background transport did 
not appear to be significant and was not estimated 
separately.

Seventeen residential point sources (houses o
septic systems) are in the Walden Pond contributing
area (buildings are shown in fig. 4). N inputs from all
but two of these would enter Goose Pond first and c
tribute to Walden Pond input only as mediated by the
output from Goose Pond. Nitrogen output from Goos
Pond (and lakes in general) would be expected to be
substantially less than inputs because of denitrificati
in lake sediments (Dillon and others, 1990). The mov
ment of P from the residences to Walden Pond is 
unlikely because of the low sewage loading of dome
tic septic systems and because of the long flow path
involved from the septic systems to the lake.

Ground-Water Background Source

Nutrient loads from background ground 
water were determined by the product of an average
background concentration and ground-water 
discharge. The ground-water discharge value used 
(366,000 m3/yr), determined in the “Hydrology” sec-
tion, was an average of the watershed-area and isoto
method results.
Limnology 29
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Table 6. Annual and summer nutrient budgets for Walden Pond, Massachusetts, based on 1995–99 average ground-water and precipitation inflows and 1998–99 
average nutrient concentration data

[N, nitrogen; P, phosphorus; kg/3 mo, kilogram for 3 months; kg/yr, kilogram per year; mg/L, milligram per year; --, not measured]

Source

Annual Summer

P concen-
tration
(mg/L)

P load 
(kg/yr)

Percent
of total

load

N concen-
tration 
(mg/L)

N load 
(kg/yr)

Percent
of total

load

N:P ratio 
(atomic)

P load
(kg/3 mo)

Percent
of total 

summer
load

N load
(kg/3 mo)

Percent
of total

summer
load

N:P ratio 
(atomic)

Background ground water...... 0.015 5.5 17 0.18 66 7.7 27 1.4 9 16 4 27
Plume ground water ............... -- -- -- -- 260 30 -- -- -- 65 15 --
Atmospheric wet .................... .0027 .8 3 .50 152 18 412 .2 1 38 9 412
Atmospheric dry..................... -- 15 47 -- 75 8.7 11 3.8 23 19 4 11

Swimmers............................... -- 8.7 27 -- 290 34 74 8.7 54 290 67 74
Waterfowl ............................... -- .6 2 -- 4 .5 15 .6 4 1 0 4
Fish stocking .......................... -- .7 2 -- 6 .7 19 .7 4 2 0 5
Direct runnoff......................... -- .8 2 -- 6 .7 16 .8 5 1 0 4

Total..................................... -- 32 100 -- 858 100 59 16 100 432 100 59

Total without plume............. -- 32 -- -- 598 -- 41 16 -- 367 -- 50

Total without swimmers ...... -- 23 -- -- 568 -- 54 7.4 -- 142 -- 43
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NO3
--N background concentrations were mea-

sured in 39 samples from 9 wells located upgradient or 
outside of the septic-system leach-field plume (table 4). 
Concentrations in samples from CTW213 and 214 
(deep wells) and CTW 204, CTW 206, and CTW 207 
were consistently higher (average 0.32 mg/L) than in 
the other three wells (average 0.05 mg/L). Values of 
<0.05 mg/L listed for some of the samples (table 4) 
resulted from a high-detection limit method, and these 
values were not included in the average. CTW 203 was 
not used in averages because of anomalously high con-
centrations as already discussed. The wells with higher 
concentrations of N were in the zone between Goose 
Pond and Walden Pond, whereas the wells with lower 
concentrations of N were in flow paths originating 
from local highs in the ground water north or south of 
Walden Pond (table 4 and fig. 4). The reason for the 
difference in concentrations is unknown. An intermedi-
ate background concentration was computed as the 
grand mean (0.18 mg/L) of the means of the high and 
low concentration wells. A background N of 66 kg N/yr 
load was estimated by taking the product of average 
concentration and ground-water discharged to the lake .

Because P concentration was not significantly 
different in samples from the septic plume wells com-
pared to samples from wells upgradient or outside 
of the plume, all well data were used to compute aver-
age P concentration in the ground water. The average 
was computed by analogy with N as the grand mean 
(0.015 mg/L) of the mean from wells between Goose 
Pond and Walden Pond (0.024 mg/L) and the mean of 
wells north and south of Walden Pond (0.005 mg/L). 
Dissolved P data, rather than whole-water P data were 
used in the analysis, because substantial amounts of P 
could be leached off large particles (sand) in the whole-
water samples by the acid preservation method used. 
The particles were assumed not to transport in the aqui-
fer. The P contribution to Walden Pond from ground-
water inflow was determined to be 5.5 kg/yr, the prod-
uct of the average dissolved concentration and the 
volume of ground water discharged to the lake. 

Atmospheric Deposition Source

Atmospheric sources, especially dryfall, often 
are ignored in lake nutrient budgets or estimated with-
out local data because of technical or logistical difficul-
ties associated with the collection or interpretation of 
the data. In this investigation, local atmospheric depo-
sition measurements were included. Dryfall of P was 

shown to be substantial in this investigation as also h
been shown for a small lake investigated in New 
Hampshire (Cole and others, 1990). 

Atmospheric inputs for both N and P were mea
sured separately for wet deposition and dry depositio
inputs using an Aerochem atmospheric deposition co
lector at the station northeast of Walden Pond (fig. 4
The collector was in an open area on a platform with
the collection height positioned 3.4 m above the grou
with approximately 50-degree angle from horizontal t
the 17.5-m-tall tree canopy located 11.9 m distant. T
sampler consisted of two buckets and one cover, wh
moved automatically to cover the dry or wet bucket 
according to signals from a precipitation sensor.

Dryfall was collected in a precleaned, acid and
deionized water rinsed plastic bucket (28.3 cm diam
ter) filled to a depth of approximately 5 cm with deion
ized water. The water was used as the collection 
surface to mimic the surface of the lake (Cole and ot
ers, 1990). After the deployment period, usually two 
weeks, the bucket was covered and brought back to 
laboratory. The water amount was measured gravim
rically, insects were screened out (2 mm screen plas
sieve), and N and P concentrations were measured,
described previously in “Sampling and Analytical 
Methods for Ground Water.” Based on concentration 
the water and water volume, a weight of nutrient col-
lected was computed. Time-weighted average collec
tion during 16 collection periods, July 1998 through 
June 1999, adjusted to annual amount per lake area 
75 kg/yr for N and 15 kg/yr for P. On a percentage-
input basis, the dryfall P load was large (table 6). Give
the time dependency of dryfall deposition (fig. 12) an
visual observations of pollen in the collection bucket,
the dryfall P input appeared to be dominated by polle

Wetfall samples were collected in an analogou
processing, except that the buckets were put out dry
and the water analyzed came from precipitation. Pre
cipitation samples were not screened because insec
generally were not present in the collected water. 
Annual wetfall loads were determined by adjusting 
the volume-weighted-average concentration from 19
water-collection intervals from July 1998 through Jun
1999 by annual rainfall and the area of Walden Pond
Volume-weighted concentrations were 500 µg/L of N 
and 2.7 µg/L of P. Loads were 152 kg/yr of N and 
0.8 kg/yr of P.
Limnology 31
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Swimmer Source

Walden Pond receives about 500,000 visitors per 
year, concentrated during the summer months. The per-
centage of visitors who swim also increases on the hot-
test days during the summer. Swimmers have been 
found to be a large source of nutrients in other lakes 
(Schultz, 1981). Urine is the source of nutrients from 
swimmers (Caraco and others, 1992). Human output of 
nutrients in urine is well known and averages 27 g N/d 
(computations from Guyton, 1971) and 0.81 g P/d 
(Caraco and others, 1992). Assuming 270,000 visitors 
during June, July and August (as in 1996), that 80 per-
cent are swimmers, and that 50 percent of the swim-
mers urinate in the lake in the amount of 10 percent of 
their daily urine output, then the swimmer input of N 
and P to Walden Pond would amount to 290 kg/yr of N 
and 8.7 kg/yr of P.

Other Nutrient Sources

Previous avian input estimates, which were 
substantial when the nearby Concord Landfill was 
active, were 33 kg N/yr and 4.8 kg P/yr (Baystate 
Environmental, Inc., 1995). The previous estimate was 
weighted heavily towards winter gull presence (88 

percent input) and away from summer ducks and gee
(12 percent input). Gulls mainly were associated with
the active landfill. Retaining the ducks and geese co
ponent, the estimates used in this study are 4 kg/yr o
and 0.6 kg/yr of P, which better reflect the current 
absence of gulls because of the closing of the Conco
landfill. Nutrient input from stocking of trout was 
determined from a previous study to be 6.0 kg/yr of 
N and 0.7 kg/yr of P (Baystate Environmental, Inc., 
1995). Previous estimates of annual nutrient loads fro
direct road runoff were 5.8 kg/yr of N and 0.8 kg/yr o
P (Baystate Environmental, Inc., 1995). These may b
lower-bound estimates because they did not account
the amount of impervious surface in the Reservation
parking lots. 

Nutrient Limitation, Ratios, 
Source Size, Timing, and 
Disposal Strategies

Often in aquatic ecosystems, all algal nutrients
are in excess supply for algal growth except one, 
termed the (growth) limiting nutrient (Rutner, 1973). 
The average ratio in which algae require N and P, 
established by Redfield and others (1963), is 16:1 on
an atom-to-atom basis. The N to P ratios in Walden 
Pond nutrient inputs (59 overall, see table 6) indicate
that N is in excess and P would be the limiting nutrie
provided that the nutrients were not subject to differe
tial loss in the lake. N to P ratios are greater than 16
precipitation, estimated swimmer input, and in the 
septic leach-field plume water (table 6). Without the 
septic leach-field plume, which contains 30 percent o
the total N input, the N to P ratio would decrease to 
41—still well above the Redfield ratio.

Nutrient sources in which N is substantially in 
excess may mitigate against blooms of cyanobacteri
which have the capability to satisfy their N requireme
by using (fixing) N from the atmosphere. A selective 
advantage of cyanobacteria over algae, which canno
fix atmospheric N, may be removed when N is in 
excess supply (Levine and Schindler, 1999). As cyan
bacteria blooms often form nuisance surface scums a
even may develop toxins, a high N to P ratio, and 
sources that contribute to it, such as the leach-field 
plume, may be desirable.

Control over the amount of algal biomass pro-
duced is exerted by the input load of the limiting 
nutrient (P). The “percent of total load” column for 
the limiting nutrient P (table 6) indicates that the 
biggest sources are atmospheric dryfall (47 percent)
swimmers (estimated at 27 percent), and backgroun
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Figure 12. Dryfall deposition of phosphorus from June 1, 
1998, to September 1, 1999, collected on a water surface in 
a collector near Walden Pond, Concord, Massachusetts. 
[Width of bar indicates interval of sample composite.]
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ground water (17 percent). Of the large sources, the 
estimated swimmer source is perhaps the most subject 
to regulation.

The swimmer source greatly affects the summer 
nutrient budget. If the nutrient budget is recomputed 
for the 3-month summer period and ground-water and 
atmospheric-deposition sources are added in at one 
quarter of their annual value, estimated swimmer input 
becomes over 50 percent of the total summer P budget 
(table 6).

From perspectives of the amount and type of 
algal growth, an advantage was realized by routing 
waste from the State Reservation bathhouse located on 
the shore of Walden Pond to the thick (14 m) unsatur-
ated zone underlying the leach field (figs. 4 and 10). 
P partitions away from the mobile water phase and 
absorbs to grain surfaces in the unsaturated zone. This 
results in an increase in the N to P ratio of ground-
water nutrient inputs without (currently) increased P 
load. Prospects for long-term (greater than 100 years) 
sequestration of P in the unsaturated zone are less cer-
tain. P is not transported in the unsaturated zone only 
because it moves from water to solids in the aquifer; P 
does not degrade or volatilize. Depending on the nature 
of the aquifer solid phase and quality and quantity of 
disposed waste, P can be transported eventually with 
the water phase, as it has been in a sewage plume in 
glacial outwash materials that are upgradient to 
Ashumet Pond on Cape Cod (Walter and others, 1996). 
The unsaturated zone was thinner at the Cape Cod 
sewage disposal site (6 to 11 m) than at the Walden 
State Reservation site (14 m). Also, the Cape Cod site 
handled a much greater waste load (varying from 
140,000 to 2,200,000 m3/yr from 1936 through 1995) 
than the waste load handled by the leach field at 
Walden Pond (1,350 m3/yr). Both of these conditions 
would likely cause increased subsurface transport at 
the Cape Cod site compared to the Walden site. 
Another strategy for waste disposal without affecting 
the lake would be to locate disposal facilities downgra-
dient from Walden Pond (at the west end or to the 
north), that is, outside the ground-water contributing 
area (fig. 4).

Nutrient Loading Trophic 
Index

Nutrient transport and ways of decreasing 
nutrient inputs were presented in the previous section 
without determination of whether decreases for 

Walden Pond were necessary. To assess the relative
effect of decreasing inputs on the lake, nutrient budg
expressed on an areal basis can be compared amon
lakes, using comparison relations established by 
Vollenweider (1975). Walden Pond, at 0.13 g P/m2/yr, 
is approaching a eutrophic state between “permissib
and critical P loads,” 0.084 and 0.17 g P/m2/yr, respec-
tively, which apply for a lake with mean depth of 
12.9 m and hydraulic residence time of 5 yr 
Vollenweider (1975). By comparison, more eutrophic
Ashumet Pond on Cape Cod, mentioned in the previo
section, is estimated to receive between 0.24 to 
0.29 g P/m2/yr (Jacobs Engineering Group, 2000). Th
Vollenweider loading concept usually is based on loa
to drainage lakes, such as from sewage-treatment o
falls and riverine inputs. Correspondence to loads fro
the important nutrient sources for Walden Pond, 
ground water, dry deposition and, possibly, swimmer
is unknown.

Although the nutrient budget comparison indi-
cated that Walden Pond was in a mesotrophic state 
when compared with other lakes, it does not indicate
whether Walden Pond has changed or is at an appro
ate state for an ecologically “healthy” kettle-hole lake
Usefulness of the nutrient budget assessment also is
limited because two sources (swimmers and runoff) a
uncertain and the large dry-deposition term is difficu
to extrapolate from the collector location to lake. In-
lake response to nutrients in terms of plant growth al
must be considered to determine if a kettle-hole lake
in a desirable trophic state.

Plant Growth and Internal 
Cycling of Chemical 
Constituents

Nutrient budgets are important to trophic ecol-
ogy because they control plant growth; however, unc
tainties regarding budget terms and nutrient process
in a given lake system make desirable actual measu
ments of the growth response of plants. In this sectio
plant growth in Walden Pond is examined as well as t
chemical constituents in water that affect and are 
affected by plant growth. 
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Methods of Sampling and 
Analysis of the Water 
Column

Secchi-disk depth and in-lake depth-profile data 
for pH, DO, conductance, and temperature were col-
lected every 2 weeks during temperature stratification 
and occasionally during winter from March 1997 to 
July 1999 at the deep-hole station in the western basin 
of the Walden Pond (fig. 4). These properties and con-
stituents also were measured monthly at the east basin 
station (fig. 4) during 1997 and 1998. Water samples 
were collected at 1-m intervals by peristaltic pump and 
tubing at the deep-hole station for nutrient and chloro-
phyll-a analysis on a monthly basis. Samples were 
taken for complete ion analysis, on September 10, 
1997, and to measure levels of dissolved Fe and Mn, 
on August 19 and September 10, 1997.

During 1998, samples of benthic algae (primarily 
the macroalga Nitella) were collected along eight 
transects perpendicular to the shoreline from depths 
shallower to depths deeper than that of Nitella growth. 
Samples were collected at the transects by divers 
during May and again, by Ekman dredge (225 cm2), 
during October. The diving procedure involved pushing 
plastic buckets, from which the bottoms had been cut 
away, into the sediment substrate and scooping the 
plants from the ring interior (surface area 531 cm2). 
Comparisons between diver and dredge sampling indi-
cated similar results were obtained by both methods. At 
the surface, plants were rinsed in lake water to remove 
attached sediment, blotted dry with paper tissue, 
wrapped in tared aluminum foil, and stored on ice in a 
cooler. 

Methods of water analysis used were as 
described for ground-water analysis except for the field 
parameters of pH, DO, and conductance, which were 
measured in situ using a Hydrolab with a 30 m cable. 
The Hydrolab was calibrated using standard solutions 
for pH and conductance, and by air calibration for oxy-
gen, at the beginning of each data-collection day. The 
Hydrolab thermistor probe was checked once per year 
by comparison with a National Institute of Standards 
and Technology traceable thermometer and determined 
to be accurate to within the precision of the thermome-
ter (0.01˚C). 

Chlorophyll-a samples were filtered through a 
glass-fiber filter, dried (Godfrey and Kerr, 2000), and 
analyzed by spectrometric methods (APHA, 1995). 

Nitella biomass was determined by weighing sample
from a known area of sediment surface that had bee
oven-dried (100˚C) to a constant weight.

Temperature Stratification

Distribution of constituents within Walden Pond
such as nutrients, DO, and even biomass is controlle
in part by annual thermal stratification of the lake 
(fig. 13). Warm water is less dense than cold water s
that the sharp temperature gradient that forms at arou
6 m every summer (the thermocline) is a barrier to ve
tical mixing of the water. The short fetch and forested
steep banks of Walden Pond further restrict the wate
mixing action of wind. In small New England lakes, 
vertical mixing in the zone above the thermocline (th
epilimnion) continues during the stratified period, but
vertical mixing in and below the thermocline is 
restricted. In the zone of steep temperature gradient
(the metalimnion) vertical mixing probably approache
that of molecular diffusion, although in the zone belo
the temperature-gradient zone (the hypolimnion) ver
cal mixing may be up to two orders of magnitude 
greater than molecular diffusion (Quay and others, 
1980; Benoit and Hemond, 1996).

Phytoplankton, Nitella, and 
Light

Phytoplankton amounts can be determined fro
profiles of chlorophyll a (fig. 14). The conversion 
factor between chlorophyll a and plant biomass varies 
according to species and nutritional status but averag
about 30, on a chlorophyll-to-carbon basis (Stricklan
1960), or 67, on the basis of chlorophyll to dry-weigh
organic matter (APHA, 1995). 

The epilimnetic chlorophyll-a average, often 
used to assess trophic state, was 1.2 and 1.6 µg/L in 
1997 and 1998, respectively. The chlorophyll-a profiles 
are somewhat variable (fig. 14), indicating changing 
phytoplankton bloom conditions. A metalimnetic pea
concentration at about 10 m occurred during most of
the sampling dates in the stratified period. In 1998, 
when profiles are available for spring and summer, 
there was a tendency for low chlorophyll-a concentra-
tions in the epilimnion (0 to 6 m) in the spring, which
increased by the last sampling in June. Using averag
values for 1997 and 1998 for epilimnetic and metalim
netic chlorophyll of 1.4 and 2.4 µg/L, respectively, and 
volumes from table 7, the average summer standing
crop of phytoplankton, is 103 kg in the epilimnion an
182 kg in the metalimnion, dry-weight basis. 
34 Geohydrology and Limnology of Walden Pond, Concord, Massachusetts
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Figure 14. Chlorophyll-a concentration-depth profiles from the deep-hole station of Walden Pond, Concord, 
Massachusetts, June 1997–June 1998.
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Phytoplankton are not the only source of plant 
biomass in Walden Pond. Large stands of the macroal-
gae Nitella grow on the bed-sediment surface. Only 
tentative field identification of species, Nitella flexilis 
in deeper and Nitella gracilis in the shallower zones of 
the Nitella growing range, were made during this inves-
tigation (Ray Stross, State University of New York–
Albany, oral commun., 1997). No species differentia-
tion was made in the biomass determinations and 
results are referred to by the genus name.

Nitella biomass data are plotted as a function 
of depth for each transect (fig. 15). Nitella grows from 
6 to 13 m depth in Walden Pond. In several of the 
transects, a biomass peak was measured at a depth of 

10 m. Transects that were sampled multiple times sh
Nitella biomass did not change substantially between
May and October–November samplings. Nitella bio-
mass varied with location in Walden Pond. Highest b
mass transects were associated with soft substrates
relatively flat sediment surface at the eastern end of 
lake (figs. 15 and 16). On the north and south sides 
Walden Pond, the lake bed is steep, the sediment su
strate usually is cobbley, and Nitella biomass is low. 
On the south side at transect 4, no Nitella was observed 
in the 6 to 13 m zone. Shading in these depths on a 
bathymetric map indicates the Nitella growth zone 
(fig. 16). Bathymetry data (table 7) indicate the bed-
sediment surface area within these depths is 32 perc
of the total pond surface area, or 79,200 m2.

Total biomass of Nitella can be estimated as the
product of square meters covered and an average b
mass per square meter. An average of 63 g/m2 (n=203) 
was computed from the Nitella transect data, so that 
biomass is about 5,000 kg, or more than 17 times 
greater than the phytoplankton biomass. Assuming 
conversion from biomass to carbon is a factor of 2, 
Nitella represents 2,500 kg carbon.

The Nitella biomass of Walden Pond is large on 
per-area-basis in comparison to other lakes that hav
been investigated in North America and Europe. Ave
age summer biomass in a Danish lake (Grane Langs
where metalimnetic production was determined to be
dominated by Nitella flexilis was 26 g/m2 (Nygaard and 
Sand-Jensen, 1981). Nitella flexilis biomass reported 
for Lake George, New York, was 51 g/m2 in the north 
basin and 90 g/m2 in the more eutrophic south basin 
(Stross and others, 1988).

The deep planktonic chlorophyll-a and Nitella 
maxima likely are associated with the clarity of water
in Walden Pond. For deep growing plants like Nitella, 
light, in addition to nutrients, can become limiting 
to plant growth. Light incident to Walden Pond 
varies with season, and light penetration into the lak
varies with clarity of the water. With a ground-water 
contributing area underlain by a thick unsaturated zo
devoid of wetlands and humic substances, Walden 
Pond has unusually clear water. Light penetration an
plant growth occurs at greater depth than in many 
lakes. Nitella requires clear-water conditions to grow 
and also may contribute to water clarity: large stands
of Nitella tie up a large amount of P and may interce
P that might recycle from the sediments before mixin
into the water column thus decreasing the P availabl
for phytoplankton growth (Nygaard and Sand-Jensen
1981). 

Table 7. Surface area and volume data at 1-meter increments 
for Walden Pond, Concord, Massachusetts

[m3, cubic meter; m, meter; m2, square meter]

Depth below
water surface 

(m)

Area at given
depth
(m2)

Volume of
1-meter slice

(m3)

0 248,776 248,776
1 233,493 233,493
2 220,868 220,868
3 210,993 210,993
4 200,261 200,261

5 191,540 191,540
6 183,134 183,134
7 174,403 174,403
8 164,679 164,679
9 154,292 154,292

10 140,916 140,916
11 128,608 128,608
12 117,184 117,184
13 103,949 103,949
14 95,523 95,523

15 88,267 88,267
16 81,022 81,022
17 72,521 72,521
18 63,675 63,675
19 54,532 54,532

20 46,886 46,886
21 41,443 41,443
22 37,892 37,892
23 34,262 34,262
24 30,039 30,039

25 26,118 26,118
26 22,533 22,533
27 18,712 18,712
28 14,125 14,125
29 8,743 8,743
30 2,065 2,065
Limnology 37
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Interception of light by phytoplankton in the 
shallow depths decreases the light available for Nitella. 
Light penetration in the lake, as determined by Secchi-
disk depth (fig. 13), indicated phytoplankton bloomed 
during early spring, that phytoplankton decreased 
(increase in water clarity) in the late spring, and that a 
second increase in phytoplankton occurred during the 
summer stratification period. Light penetration to the 
deep-dwelling Nitella would be greatest during the 
late-spring clear-water period. The light penetration 
period correlated with pale green shoots on Nitella 
samples, indicative of new growth (R.G. Stross, State 
University of New York–Albany, oral commun., 1997), 
which were present on Nitella harvested during early 
May and not present on plants harvested in late 
summer.

Data on phytoplankton and macrophyte standing 
crops do not indicate the amount of growth, because 
continual grazing of the crop by zooplankton and other 
organisms may occur, decreasing standing crop but 
stimulating growth. More exact determination of 
growth can be determined by considering the nutrients 
used in growth and DO generated by growth.

Dissolved Oxygen

Plant production and internal cycling of nutrients 
are coupled directly to DO, which is a product of pho-
tosynthesis and is consumed in respiration. Analysis of 
changes in DO and nutrient content in lake zones 
defined by water stratification can be used to augment 
nutrient-budget estimates of lake trophic status. 

During cold weather every year, Walden Pond, 
and most temperate-zone lakes, mix oxygen from the 
atmosphere into the water column. Therefore, lakes are 
nearly saturated with DO in the early spring (fig. 17). 
After this cold weather “inhalation” of oxygen and as 
the surface water warms, the deep water is cut off from 
the surface by thermal stratification, so that internal 
processes of photosynthesis and respiration alone 
determine DO concentration in the deep, colder water 
zone during the summer. Even the continuous dis-
charge of oxygenated ground water does not affect the 
DO balance below the thermocline zone. Ground water 
from unconfined aquifers mostly enters lakes near the 
shoreline, in shallow water (Pfannkuch and Winter, 

1984). In late fall, wind and cooling temperatures bre
down the thermal stratification, and whole-lake circul
tion begins again.

Interpretation of DO profiles requires knowledg
of their spatial and temporal variability. Horizontal 
mixing, unencumbered by density stratification, is 
much greater than vertical mixing (Fischer and other
1979), so that points on a vertical DO profile may be
representative of water extending across the entire la
Comparison of profiles measured the same day in 
opposite ends of Walden Pond (deep-hole and east-
stations) indicate that DO concentrations are horizon
tally uniform, at least to the depth of the sill between
basins (fig. 18). Horizontal mixing is blocked by the 
sill so that different DO concentrations develop within
each basin below the depth of the sill (12.6 m). 

Temporal variability that may occur on a diurna
basis also must be considered before interpretation 
the DO profiles in terms of seasonal change. Becaus
DO generation can occur through photosynthesis on
during the light period, DO profiles in the sunlit part o
the water column may change from sunrise to mid-
afternoon. Diurnal variation is unlikely to have contrib
uted to the variation between profiles at opposite end
the Walden Pond, since only about 1 hour elapsed 
during measurements at each station. To quantify di
nal variability, DO profiles were measured at the 
deep-hole station in morning (0640–0730) and mid-
afternoon (1400–1450) on September 17, 1997, whi
was a cloudless day. The profiles indicated very little
difference during the day (fig. 18). Apparently, the dif
ferences in DO profiles measured through time resu
from cumulative changes that were small day to day,
and were not affected greatly by variations associate
with the time of day when the profiles were measure

Dissolved Oxygen in the
Epilimnion

DO concentrations in the epilimnion of Walden
Pond generally were in equilibrium with oxygen in th
atmosphere (fig. 17). Except during and following 
destratification (lake turnover), none of the 44 profile
measured in open water (without ice cover) were mo
than 5 percent away from saturation in the top 5 m o
the lake. Because the surface waters warmed during
March to late July each year, DO became less solub
and concentrations decreased from about 12 to 8 mg
40 Geohydrology and Limnology of Walden Pond, Concord, Massachusetts
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In August and September, the surface water cooled, 
and DO concentrations increased, reaching more than 
10 mg/L by late October. Although surface water con-
tinued to cool through November and December (5.8˚C 
on December 21, 1998), DO concentrations decreased 
slightly during the fall (9.5 mg/L on December 21, 
1998), and the surface water became undersaturated 
(76 percent saturation, December 21, 1998). DO 
moved into the surface water from the atmosphere 
during this period, but the rate was not sufficient to 
keep up with the cooling of the water and the upward 
mixing of low-DO water caused by a deepening 
thermocline.

Dissolved Oxygen in the Metalimnion

Unlike the epilimnion, the metalimnion is iso-
lated from the atmosphere by the thermocline during 
the stratified period. Because of the pronounced ther-
mal stratification present in the upper metalimnion, 
vertical mixing is restricted to molecular diffusion rates 
(Quay and others, 1980), and vertical solute flux would 
equal the product of solute gradient and molecular 
diffusivity, which is 2.35 x 10-5 cm2/s at 25˚C for 
DO (Thibodeaux, 1996). The sum of upward molecular 
diffusive flux of DO to the epilimnion and downward 
flux to the hypolimnion, assuming DO gradients of 
3 mg/L/m, would reduce DO in the 8-m thick metalim-
nion by about 0.01 mg/L over a period of 3 months. 
Thus, DO concentrations in the metalimnion are not 
affected materially by vertical transport and DO gener-
ated (or consumed) in the metalimnion accrues until 
the thermocline deepens in the fall.

Plants respire continuously through light and 
dark periods, but conduct photosynthesis only during 
light portions of the day. Plant growth occurs when 
photosynthesis minus respiration, its chemical opposite 
reaction, is positive according to the reaction

 . (6)

The difference between photosynthesis and respirat
is also called net photosynthesis. Changes in DO 
concentration in the metalimnion during the stratified
period can be interpreted as net production of the 
metalimnetic ecosystem. This interpretation is 
analogous to incubating light and dark bottles at dep
to determine production of the water contained in the
bottle. The assumption is that rate of DO diffusion 
through the top and bottom planes of the metalimnio
is negligible because of temperature stabilization of t
water column.

Net ecosystem production in the metalimnion a
determined from changes in DO includes any contrib
tion from Nitella and deep-growing algae that inhabit 
this zone. Metalimnetic DO concentrations increased
substantially between March 20 and April 23, 1998 
(fig. 17B), generating 3.6 g O2/m2/day, which amounts 
to 1,300 kg DO in the metalimnion. The metalimnion
receives the most light during this period. Subseque
metalimnetic DO changes (after April) were minimal 
(fig. 17B). During the 1998 stratified period, maximum
DO concentrations increased from 12.0 to 13.6 mg/L
between March 20 and April 23, dropped as low as 
13.0 mg/L on June 23 and reached 14.2 mg/L in 
September. Similar patterns were observed in 1997 a
1999.

Given the possibility of independent rates of 
photosynthesis and respiration that could occur, cont
of DO concentration in the metalimnion between 13 
and 14 mg/L during the 6-month stratified period likel
was the result of some identifiable mechanism, rathe
than by chance. The mechanism appears to be othe
than control through oxygen solubility. The saturation
concentration for oxygen (not air) computed from 
Henry’s Law (Stumm and Morgan, 1996) for DO at a
depth of 8 m (1.8 atmospheres) and 25°C is approxi-
mately 60 mg/L and would be greater still at metalim
netic temperatures. Neither are DO concentrations 
limited by the physiology of plants, which are capabl
of generating DO concentrations greater than 14 mg
as has been observed below the thermocline of othe
lakes (Cole, 1975). 

6CO2 6H+ 2O C6H12O6 6O2+⇔
r← espiration

photosynthesis→
Limnology 43
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A conceptual model was formulated during this 
investigation that metalimnetic DO was controlled by 
nutrient limitation and supply. Relations between N, P, 
DO, and organic carbon were assumed, for the pur-
poses of the model, to be fixed by the stoichiometry of 
photosynthesis and respiration, expanded from equa-
tion (6), as given by Stumm and Morgan (1996) of

106 CO2 + 16 NO3 + HPO4
2- +122 H2O + 18 H+

+ trace elements and energy

=(C106 H263O110N16P) + 138 O2. (7)

These stoichiometric ratios, on average, are measured 
in analyses of phytoplankton and have been found on 
average in many analyses of deep seawater (Broecker 
and Peng, 1982) and lake water (Stumm and Morgan, 
1996), where phytoplankton constituents are 
metabolized by bacteria and returned to solution.

According to the conceptual model, plant growth 
in the spring in the metalimnion exhausts available 
supplies of nutrients, especially P, which is growth 
limiting. The metalimnetic plant growth likely begins 
before thermal stratification because of increased light 
penetration through the water surface in the spring and 
continues into the beginning of thermal stratification. 
The plant growth generates DO, which builds up after 
stratification, accounting for the high DO concentra-
tions in the metalimnion during April (fig. 17B). The 
DO concentration does not exceed about 13.5 mg/L 
because available P in the metalimnion—from storage 
in overwintering Nitella, remineralization of the early 
spring algae, or other sources—becomes exhausted. 
Once P is depleted in the metalimnion, DO can not 
increase, because continued plant growth, which is 
what results in DO increase, would require more nutri-
ents.

External sources of nutrients from, atmospheric 
deposition, and swimmers—enter the lake primarily 
through the epilimnion. Ground water, from uncon-
fined aquifers, is discharged preferentially to lakes at 
the water table (Pfannkuch, and Winter, 1984). Trans-
port of dissolved nutrients from above or below the 
metalimnion is blocked by thermal stratification 
restrictions on vertical mixing. Even though dissolved 
sources of nutrients are blocked during stratification, 
nutrients from degrading particulates continue to 

supply the metalimnion. But respirative degradation 
particulates, whether present on the bed-sediment 
surface or descending from the surface as detritus, c
sumes DO. Under the conceptual model, a series of
cloudy days or turbid water might cause negative ne
metalimnetic production, that is more respiration tha
photosynthesis, and result in a decrease in DO and 
release of nutrients. Similar decrease might be caus
by respirative degradation of a heavy detrital fall. 
When light penetrated again, however, net productio
and DO generation could advance, but only in propo
tion to the amount of P released by respiration, gene
ing photosynthetic DO in the process equivalent to th
DO amount lost in respiration.

The conceptual model described here is consis
tent with available data, but has not been verified by,
for example, direct measure of nutrient limitation in 
Nitella. An alternative model for DO control is light 
limitation of plant growth. Light limitation is consistent
with the correlation of new plant shoots and Secchi 
disk depth, but does not provide a mechanism for ma
taining DO at a particular value. Although the cause 
constant metalimnetic DO remains uncertain, the 
implication of constant DO, that net metalimnetic 
production after April is zero remains essentially true

Dissolved Oxygen in the
Hypolimnion

During stratification, DO decreases in the 
hypolimnion, where bacterial respiration dominates, 
proportion to the amount of algal biomass that settle
down from the sunlit surface water. By late fall, virtu-
ally all the of the DO stored below a depth of 15 m in
Walden Pond has been consumed (fig. 17A).

Conductance, pH, Nitrogen, 
Phosphorus, Iron, Manganese, and 
Internal Nutrient Recycling

Conductance varied during the investigation 
from 83 to 92 µS. These relatively low values are indic
ative of the relatively insoluble crystalline rock mater
als in the aquifer constituting the drainage area. As 
noted previously, the conductance is increased some
what by the septic plume water and runoff from State
Route 126 (fig. 4).
44 Geohydrology and Limnology of Walden Pond, Concord, Massachusetts
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Measured pH varied from about 6.5 throughout 
the water column during winter and spring mixing to 
about 8.5 in the metalimnion during the temperature 
stratified period (fig. 19). Measurements of pH in the 
hypolimnion decreased slightly during stratification 
from about 6.5 to 6.0. Changes in and vertical stratifi-
cation of pH values result from generation and use of 
CO2 during photosynthesis and respiration. The well-
known relation is caused by CO2 formation of carbonic 
acid, CO2 + H2O -> H2CO3, which in turn can dissoci-
ate and contribute hydrogen ion to solution (Stumm 
and Morgan, 1996). Because of the connection of pH 
with CO2, initial production and subsequent balance in 
the metalimnion can be tracted by pH. As documented 
in figure 19, the seasonal pattern of pH change is simi-
lar to that of DO, which as discussed is indicative of net 
primary production.

The cycling of N, P, Fe, and Mn is affected by a 
combination of thermal stratification, and by plant 
growth in the epilimnion and metalimnion, plant set-
tling, and plant remineralization in the hypolimnion. 
The dissolved concentration of these elements can indi-
cate the effect of geochemical redox state on nutrient 
release or sequestration by the bed sediments.

Measurements of N in the water column were 
analyzed as total combined organic-and-ammonia 
(NH3) N, and as dissolved NO3--plus-nitrite (NO2

-) N. 
Organic N, a component of biomass, indicates where 
phytoplankton is abundant. NH3 and NH4

+ are the 
forms that dissolved N takes in reducing conditions, 
and NO3

- and NO2
- are the dissolved forms of N 

present under aerobic conditions. A series of plots of N 
concentration and depth (fig. 20) indicates the effect of 
stratification and DO depletion on the N species. In 
March, before temperature stratification, NO3

- and 
organic-plus-NH3 N were uniform in the water column, 
with NO3

- about one third the concentration of the 
organic-plus-NH3 N. During the stratified period, NO3- 
and organic-plus-NH3 N began to build up in the 
hypolimnion but diverged in the upper water, where 
NO3

- was depleted and organic-plus-NH3 N followed 
the biomass concentrations. Later in the stratified 
period, (August and September), denitrification and 
reduction of NO3-, and ammonification of organic 
matter in the deepest 5 m of the lake, where oxygen 
became completely exhausted, resulted in depleted 
NO3

- and increased levels of organic-plus-NH3 N.

P was measured as total P and as total dissolv
P (fig. 21). The total P--total-dissolved P couple 
(fig. 21) corresponds to a degree to the organic-plus
NH3 N—NO3

- couple. Like N, P is a component of 
biomass and total P indicates the abundance of phy-
toplankton. Like NO3, total dissolved P is increased by
the remineralization of phytoplankton. The effect of 
DO is different on P than on N however, because tot
dissolved P does not change form where DO is 
depleted. In fact, total dissolved P concentration 
increased in the deep water in the stratified period, 
where DO depletion occurred. The increase may be 
associated with reductive dissolution of sediment Fe
(Stauffer, 1986), with which PO4-3, a component of 
total dissolved P, associates.

The N to P ratio for annual input of nutrients, 
as previously stated, was 59. Comparison with the 
Redfield ratio of 16 indicated phosphorus limitation. 
Monitoring the N to P ratio in the epilimnion is more 
directly indicative of potential limiting nutrient, 
because variable recycle may alter ratios there from 
ratio of input. The pattern of total nutrient concentra-
tions in the epilimnion during the summer—about 
0.2 mg/L for organic-plus-NH3 N and about 0.006 to 
0.010 mg/L for total P—did not change substantially 
during the years of summer sampling. These concen
tion ranges correspond to atomic N to P ratios of 44 
74, similar to the ratio of inputs, and confirm that P 
limited plant growth in the water column.

The interaction of N, P, Fe, and Mn with DO an
the effects of temperature stratification were apparen
in the late-stratification period (September, fig. 22). 
NO3

-, P, Fe, and Mn were depleted in the epilimnion 
and the metalimnion. The nutrients likely were 
absorbed by phytoplankton and Nitella in those zones; 
Fe and Mn were not present because high pH and c
centrations of DO keep these elements in insoluble 
oxide forms. In the upper hypolimnion, NO3

- concen-
tration reached a maximum value, but P concentratio
remained low. In the lower hypolimnion, where DO 
was completely depleted, P, Fe, and Mn concentratio
increased, but NO3- concentration decreased because
of denitrification and reduction to NH3. 
Limnology 45



46
G

eo
h

yd
ro

lo
g

y an
d

 L
im

n
o

lo
g

y o
f W

ald
en

 P
o

n
d

, C
o

n
co

rd
, M

assach
u

setts

6

6.5

7

7.5

8

8.5

9

9.5

pH
, I

N
 S

TA
N

D
A

R
D

 U
N

IT

3/
1/

97

5/
1/

97

7/
1/

97

9/
1/

97

11
/1

/9
7

1/
1/

98

3/
1/

98

5/
1/

98

7/
1/

98

9/
1/

98

11
/1

/9
8

1/
1/

99

3/
1/

99

5/
1/

99

7/
1/

99

9/
1/

99

D
E

P
T

H
, I

N
 M

E
T

E
R

S

DATE

30

25

20

15

10

5

0

Figure 19. Distribution of pH in Walden Pond, Concord, Massachusetts, March 1997–August 1999. (White dots indicate pH measuring points.)
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Figure 22. Depth distribution of nitrogen, phosphorus, dissolved oxygen, and temperature from September 23, 1998; 
and iron, sulfate, and manganese from September 10, 1997, in Walden Pond, Concord, Massachusetts.
The ratio of S to Fe is thought to determine 
the relative availability of Fe for interaction with P 
in lakes. Under reducing conditions, sulfide forms 
and ties up Fe2+ in FeS precipitate. Hard-water lakes 
with abundant SO-24 from dissolution of carbonate 
rocks generally have little Fe available for association 
with P (Stauffer, 1987). Walden Pond, although soft 
water, has several additional sources of SO-2

4 including 
the septic plume and swimmers. Fe concentrations in 
the anaerobic layer of about 3 mg/L were intermediate 
between those measured in hard (0.06 mg/L) and soft-
water (20 mg/L) systems (Stauffer, 1987). Where Fe is 
tied up by S, P is thought to recycle more efficiently—
in aerobic conditions, because Fe-hydroxides, on 

which P adsorbs, are not available—and in anaerobi
conditions, because Fe is not released with the P to 
cipitate upon oxidation (Stauffer, 1987).

Analysis of the concentration profiles in figure 
22 also indicates the degree to which internal cycling
of nutrients takes place. That N was recycled clearly
was indicated by the increased concentrations of N s
cies throughout the hypolimnion. Increases in total d
solved P, by contrast, were restricted to the anaerob
zone in the deepest water. During most of the stratifi
period, the anaerobic zone was so far removed from 
euphotic zone that none of the released P could be 
reused. Even when thermal destratification reaches t
zone usually sometime after mid-December, associa
DO would likely precipitate Fe and a portion of the 
PO4

-. 
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Nutrient recycling in Walden Pond at the end of 
stratification may be greater than recycling that occurs 
during the stratification period. Near the end of stratifi-
cation, the annual recycling of P may be substantial in 
that DO decreased to zero in the entire hypolimnion 
just prior to turnover (fig. 17). This condition likely 
released the Fe-bound P that had been accumulating in 
the sediment during the summer. 

Historical and Between-Lake 
Trophic Assessments

The relations between plant growth and cycling 
of water-column chemical constituents can be used in 
comparative investigations of trophic ecology. These 
assessments include historical comparisons within a 
specific lake and comparisons among lakes.

Trophic State from Water-Column 
Assessment

Trophic state can be measured on the basis of 
DO consumption in the hypolimnetic water during 
stratification. The rate at which lakes consume DO in 
their deep water during respiratory degradation of the 
particulate organic carbon (largely dead phytoplank-
ton) that falls from the epilimnion has been quantified 
as the hypolimnetic oxygen deficit (HOD) and com-
pared among lakes (Hutchinson, 1975). The measure-
ment of HOD can be used, as are nutrient budgets and 
standing crops, to establish trophic state (Walker, 
1979). HOD is most informative in lakes like Walden 
Pond that are deep and relatively oligotrophic, because 
their deep-stored DO content is large and not con-
sumed too quickly after stratification, in which case the 
HOD record ends. In addition, lakes low in organic 
carbon (humic substances) derived from the watershed, 
like Walden Pond, are favored for HOD interpretation 
because consumption of DO by humic substances 
would obscure the relation between HOD and in-lake 
productivity. Comparison of HOD at different times 
during a season indicates when respiratory degradation 
of the organic matter in plankton is greatest. Annual 
comparisons are useful in identifying trends in produc-
tion of water-column organic matter through time. 
HOD is a stable and sensitive measurement, because it 
reflects the summed phytoplankton production occur-
ring during the entire stratified period (contrasting 
chlorophyll concentration data, which are more 

representative of current bloom conditions), and thus
is a useful measure to establish baseline data on 
productivity of Walden Pond.

Investigators have computed HOD in various 
ways to determine actual, absolute, relative, apparen
and real oxygen deficits (Hutchinson, 1975). These 
various computations consider whether the lake is 
assumed to be at oxygen saturation in the spring, 
whether measured spring DO values are used, and 
whether the volume of the hypolimnion at each depth
or simply a column of water is used in the computatio
HOD based on measured spring conditions and hori
zontal volume elements of the hypolimnion associate
with each DO concentration in a profile most closely
connects the amount of DO used with the amount 
of plankton falling from the epilimnion in a given 
growth season. When calculated by these methods 
and expressed in units of time per surface area of th
top of the hypolimnion surface, HOD is termed the 
relative hypolimnetic areal deficit (Hutchinson, 1975)

The degree of interconnectedness among the 
three basins of Walden Pond must be considered in 
the computation of HOD from DO profiles that were 
measured only at the deep-hole station, because DO
profiles from the east-end basin diverge at depths 
below the sill from DO profiles from the deep-hole 
basin. The top of the hypolimnion used in the HOD 
computations was taken at 13.5 m, approximately th
level of the sill between the east and middle basins, 
the HOD can be calculated on the basis of a hypolim
nion area and DO content exclusive of the east-end 
basin. No DO profiles were measured in the middle 
basin, because its existence was not known until we
into the investigation. For the purposes of HOD calcu
lation, deep-hole station DO concentrations were 
applied to volumes in the middle basin at the same 
level. 

The May through July HOD values computed 
during the 3 years of biweekly monitoring and 
additional 2000 data are nearly identical (0.049, 
0.050, 0.051, 0.048 mg O2/cm2/d) from 1997 through 
2000. The small difference in values at Walden Pond
can be compared with eutrophic Lake Mendota 
(0.11 g O2/cm2/d) in Wisconsin (Hutchinson, 1975). 
The constant values at Walden Pond result despite 
potential changes in P input during measurement yea
For example, the swimming beach at Walden Pond w
closed during the July 4th weekend in 1997. In addi-
tion, substantial amounts of phosphate fertilizer equi
alent to the entire annual P budget for the lake—wer
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applied to shoreline plantings in connection with a 
bank stabilization program in 1997 and 1998. A better 
understanding of variation in HOD is obtained by con-
sidering the DO content of the hypolimnion on a 
week-to-week basis during this time period.

HOD and variation in development of HOD are 
indicated by hypolimnetic DO content plotted with 
time (fig. 23). The slope of the curve represents the 
HOD. During the 3 years of biweekly monitoring, 
1997–99, hypolimnetic DO content was similar at the 
beginning of April. DO in the hypolimnion was com-
pletely consumed by the end of stratification in the fall. 
As a consequence, the curves start together in April 
diverge and then converge after August as complete 
consumption of DO is approached. During 1997, the 
slope in April was less than that of April 1998 and 
1999. After April, slopes were approximately the same 
during the three years studied. The offset of the 1997 
data from that of 1998 and 1999 apparently was caused 
by differences in DO use (or resupply in the poorly 
stratified April water column) before May.

Historical Dissolved-Oxygen 
Profiles

Historical DO profiles from Walden Pond pro-
vide an indication of how nutrient cycling and trophic
state may have changed through time. Four historica
summer profiles (data and data sources fig. 24) are 
available (1939, 1992, 1994, and 1996). These profil
indicate that oxygen depletion is more advanced in la
summer in 1994 and 1996 than in previous years an
indicate progressively greater metalimnion DO produ
tion than do the earlier profiles. The increased hypoli
netic DO depletion could be interpreted as a greater
settling of phytoplankton biomass that resulted from 
growth of a larger biomass and a greater supply of 
nutrients to support the growth. The increased metal
netic production would follow from the hypothesized 
greater availability of plant nutrients.

Historical changes in HOD can be estimated 
from a few historical DO profiles available for Walden
Pond. The biweekly DO data used to establish the 
1997–99 HOD baseline (fig. 23) give a context for hi
torical profiles (one per summer) from 1939, 1992, 
Limnology 51
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1994, and 1996 (fig. 23). Depending on spring condi-
tions, the 1992 through 1996 profiles may represent 
conditions similar to those measured during the 
detailed monitoring. The 1939 profile deviates more 
substantially from the others. This profile, measured 
before membrane-electrode oxygen probes were avail-
able, was based on the accurate Winkler titration 
method as described in Deevey (1940). The 1997–1999 
data indicated that DO was consumed at an approxi-
mately constant rate during the summer. If early spring 
conditions were similar in 1939 to 1997–1999, then a 
constant depletion rate would run along line A-B, and 
1939 HOD would be 0.015 mg/cm2/d, or 30 percent of 
the current rate. Lower HOD in the past, however, may 
be associated with higher spring hypolimnetic oxygen 
content, so that line C-D, (HOD of 0.021 mg/cm2/d) 
may be more accurate. Both projected lines run 
through the historical August 1939 point and indicate 
that DO in the 1939 hypolimnion would not have been 
exhausted if Walden Pond stratified and turned over 
historically, at the same times as in the present. Later 
stratification and earlier turnover result in less DO 
depletion because there is less time for DO depletion to 

occur. As indicated by freeze and breakup dates of ic
on lakes in the Northern Hemisphere, stratification 
duration may have increased by 12 days per 100 ye
from 1846 through 1995, or about 8 days since 1939
(Magnuson and others, 2000). 

According to the analysis described above, HO
has doubled since 1939, which implies that historica
inputs of nutrients were less than present inputs. Bu
the relation between nutrient supply and plant growth
is not necessarily linear and can temporally lag, in pa
because of buildup and release of P in the lake bed 
iments. Although pre-recreational Walden Pond may
have received less nutrient input, nutrient inputs may
have been large in the past. One thousand swimmer
were observed at the 1939 sampling (Deevey, 1942)
The Concord Herald newspaper reported on Septembe
5, 1935, that summer Sunday afternoon crowds 
reached 25,000 at Walden Pond and that total summ
attendance was 485,000. The effect of initial increas
in nutrient supply would be decreased because of P 
sequestration by the sediments. As the sediment-
binding sites for P became filled, an increasingly larg
fraction would have been included in internal recy-
cling. To the extent that DO in the hypolimnion becam
depleted, sequestered P would be released by reduc
dissolution of Fe minerals on which P was adsorbed
The first occurrence of DO depletion at a given level 
the hypolimnion may have been associated with a 
substantial bed-sediment release of P, which had 
accumulated with Fe, since the formation of the lake

If HOD could be reduced to the rate present in
1939 so that DO was not exhausted in the final week
before turnover, then annual accumulation of P in the
hypolimnetic sediments might begin again, with cons
quent increase in water clarity. Because some DO 
remains in the hypolimnion until nearly the end of 
stratification, the degree of P input decrease necess
to sustain aerobic conditions may not be too large.

Comparisons of Dissolved 
Oxygen Among Lakes

Simple comparison of DO profiles among lakes
indicates the consequences of the variability in HOD
among lakes (fig. 25). Regarding deep DO in kettle-
hole lakes in eastern Massachusetts, Gull Pond in th
National Seashore Cape Cod (Portnoy, 1990) and 
White Pond in Concord (Walker, 1989) show similar 
DO concentrations in the metalimnion to Walden Pon
and similar DO deficits in the hypolimnion. Ashumet 
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Figure 24. Historical dissolved oxygen profiles for 
Walden Pond, Concord, Massachusetts. [1939 data 
are from Deevey (1940); 1992 data are from Arthur 
Screpetis, Massachusetts Department of Environmental 
Management, written commun. (1994); 1994 data are 
from Baystate Environmental, Inc. (1995); and 1996 
data are from this investigation.]
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Pond, also on Cape Cod, differs with dissolved oxygen 
depletion in the metalimnion and the hypolimnion 
(Jacobs Engineering, 2000). Nutrient inputs are from 
water fowl, swimmers and septic leach fields of 21 
summer residences at Gull Pond, swimmers and resi-
dences on White Pond, Concord, and ground-water 
discharge of P and N from a sewage plume (with P 
transport) and residences at Ashumet Pond. These com-
parisons verify the sensitivity of HOD to trophic state 
and highlight a key aspect of trophic variability among 
lakes in the oligotrophic to mesotrophic classification: 
the depth of the oxygenated zone. 

Trophic Stability

Walden Pond may have become more eutrophic 
since 1939, but the water still is clear and the lake 
remains attractive to the public. Metalimnetic DO 
levels remain high throughout the stratified period so 
conditions for trout are favorable and the principal 
plant biomass consists of deep-growing macroalgae. 
Does the ecologic health of Walden Pond require a 
decrease in nutrient input in an attempt to achieve more 
oligotrophic conditions? The answer depends on the 
stability of the present condition.

Other kettle-hole lakes in eastern Massachuse
have degraded episodically in water quality. In 
November 1998, the kettle-hole lake Cliff Pond in 
Nickerson State Park on Cape Cod, Mass., develope
a substantial cyanobacterial bloom that was blown 
to the shore by the wind. The decaying biomass 
smelled bad and contained naturally occurring toxins
(S. Nichol, Massachusetts Department of Environme
tal Management, oral commun., 2000). Two dogs tha
drank water from the downwind shore died, a con-
firmed consequence of cyanobacterial poisoning. Th
bloom, which did not recur in 1999 or 2000, was une
pected in that Cliff Pond is a deep (26 m), generally 
clear-water lake, surrounded by park land. It is 
assumed that Cliff Pond probably does not have a la
P-input budget on a lake-area basis. Complaints rega
ing increased plant growth have been registered for 
Ashumet Pond and fish kills have occurred, although
not with yearly frequency (K-V Associates, Inc., 1991
Although loading of P to Ashumet Pond (estimated 20
to 255 kg/yr, Jacobs Engineering, 2000), is probably
much larger than to Cliff Pond, there are no recorded
poisonings from cyanobacteria blooms for Ashumet 
Pond. The kettle-hole lakes appear to be subject to e
sodic water-quality degradation even when external 
nutrient loading, such as from ground-water sources
appear to be constant. The question remains whethe
Walden Pond could develop a substantial bloom of 
cyanobacteria such as in Cliff Pond in 1998 or becom
subject to fish kills, as has Ashumet Pond, without 
receiving the considerably greater per-area nutrient 
loading of Ashumet Pond.

The consequences of eutrophication, present i
Cliff Pond and Ashumet Pond, likely could be pre-
vented in Walden Pond by maintenance of DO in the
metalimnion. An oxygenated metalimnion decreases
internal recycling of phosphorus. Currently (2000), th
high, constant concentration of DO of the metalimnio
is a prominent feature of stratification in Walden Pon
According to the conceptual model developed in the
section “Dissolved Oxygen in the Metalimnion,” met-
alimnetic DO in Walden Pond is increased at the ons
of stratification by spring expansion of the metalim-
netic plant biomass that proceeds until nutrient limita
tion. DO is maintained at a high level through a 
nutrient regulated balance of biomass degradation a
regrowth until destratification in the fall. According to
the conceptual model, stability would be altered if 
shading of the metalimnion, such as from increased 

30

25

20

15

10

5

0

0 2 4 6 8 10 12 14 16

D
E

P
T

H
, I

N
 M

E
T

E
R

S

DISSOLVED OXYGEN, IN  MILLIGRAMS PER LITER

Gull Pond 8/04/99

Walden Pond 7/29/99

Ashumet Pond 8/9/99

White Pond 8/3/88
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eastern Massachusetts kettle-hole lakes: Ashumet Pond, 
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growth of phytoplankton, switched control over metal-
imnetic plant growth from nutrient to light. The con-
ceptual model has not been tested, however, nor is the 
stability of the proposed regulatory mechanism known.

On the basis of plant biomass alone, the stability 
of the present trophic condition of Walden Pond likely 
involves the ecology of the macroalgae Nitella, which 
grows in the metalimnion of Walden Pond with a bio-
mass 17 times greater than that of the phytoplankton 
in the epilimnion and metalimnion combined. Stross 
and Rottier (1989) hypothesized that Nitella helps 
maintain good water quality by uptake of nutrients, 
transfer of nutrients to the sediment at die-off, preven-
tion of fine-particle resuspension, and facilitation of 
coagulation of colloids. Nygaard and Sand-Jensen 
(1981) hypothesized that the deep-growing charophyte 
species prevent release of Fe-bound phosphate to the 
water column by releasing oxygen near the sediment-
water interface. In two European studies (Melzer, 
1999; Riis and Sand-Jensen, 1998), presence of Nitella 
has been associated with clear-water conditions and 
later absence of Nitella with more turbid, eutrophic 
conditions. In Lake George, N.Y., lower biomass den-
sity of Nitella was associated with the oligotrophic 
northern basin, compared to larger biomass density in 
the more eutrophic southern basin (Stross and others, 
1988) and eventual disappearance in the formally most 
productive areas (R.G. Stross, State University of New 
York–Albany, oral commun., 1997). Whereas investi-
gation is lacking that establishes a cause-and-effect 
relation between Nitella and water quality, cause and 
effect has been established for shallow-growing 
benthic-algal charophytes, with more completed exper-
imentation (Scheffer, 1998). Charophytes, of which 
Nitella is a deep-growing member, have been reintro-
duced in turbid shallow ponds to reestablish clear-
water conditions that were lost because of shading of 
former benthic algal populations. 

Without further investigation, the role, mecha-
nism, and, thus, the stability of Nitella for maintaining 
DO in the metalimnion remain a matter of conjecture. 
Given the uncertainty over current metalimnetic regula-
tion, the importance of the nutrient budget and histori-
cal data is increased. Substantial eutrophication has 
occurred since the historical DO data collection at 
Walden Pond in 1939. The principal anthropogenic 
perturbation causing eutrophication is the hypothesized 
swimmer input of nutrients. Because of the long recre-
ational history at Walden Pond, increased nutrient input 
may have resulted over a period of more than 100 

years. There is insufficient HOD data between 1939 
and the present to estimate whether the present leve
of eutrophication has reached a new steady state or
rather that HOD has increased continuously since 
1939. Unlike the trophic perturbations in many lakes
which result in part from alteration of drainage, 
hypothesized anthropogenic nutrient inputs to Walde
Pond potentially could be controlled. 

Trophic Ecology and 
Management Options

At present, the water quality of Walden Pond 
appears to be desirable and may not require manag
ment. Managing Walden Pond and its ground-water 
contributing area in a nutrient flux/eutrophication con
text could be needed only with changing conditions. 
These conditions could include long-term changes in
septic-system P retention by the aquifer, delayed 
eutrophication effects from past or current nutrient 
loads, or concern regarding potential water-quality 
instability and the size of the Nitella biomass.

Concerns about desorption of P from the aquif
can be addressed by monitoring ground water in the
wells just downgradient from the septic leach field. A
long as P concentrations in the septic plume remain 
background levels in those wells, plume associated 
transport is not occurring. 

Other concerns about delayed effects of curren
nutrient loads, water-quality instability, and Nitella bio-
mass all could be addressed by decreasing P load. T
effect of decreasing P load could be monitored by 
HOD assessment. If HOD is seen to decrease, then 
delayed effects of nutrient load necessarily would ha
been overcome. Decreased P load would minimize t
hypothesized tendency toward instability, by increasin
water clarity and depth of DO generation, and decre
ing the amount of phytoplankton sedimentation and 
DO consumption. Decreased P load should decreas
the thickness of DO depleted water in the hypolimnio
and decrease the amount of P recycled from the sed
ments. The Nitella population should grow less and, 
thus, be less subject to die-off from self shading. 
Because the principal source of anthopogenic nutrie
is from swimmers, decrease of the source might be 
possible through a swimmer-education program.

If nutrient input can not be decreased, manage
ment efforts could concentrate on prevention of othe
circumstances that would decrease water clarity and
54 Geohydrology and Limnology of Walden Pond, Concord, Massachusetts
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light penetration to the metalimnion. Road runoff and 
bank erosion should be avoided. Rerouting runoff from 
State Route 126 would decrease turbidity associated 
with storm runoff. Any runoff water rerouted from 
direct discharge to Walden Pond to infiltrate to the 
ground water instead would have turbidity and P 
largely removed. The bank stabilization program com-
pleted in 1997 through 1998 had a potential for tempo-
rarily increasing turbidity because soil was moved at 
the shore and in some cases heavy equipment was 
driven into shore water. The turbidity curtain which 
was installed to restrict sediment movement to near-
shore areas was an important precaution.

Continued monitoring of HOD, and the amount 
and distribution of Nitella would be useful with or 
without a nutrient-reduction program. HOD is likely 
the most sensitive measure of trophic state available for 
Walden Pond.

SUMMARY AND 
CONCLUSIONS

Walden Pond, the deepest lake in Massachusetts, 
has historical, naturalistic, and limnological impor-
tance. Walden Pond is a kettle-hole lake, 30.5 m deep, 
with 249,000-m2 surface area, located 24 km west 
northwest of Boston, in Concord, Mass., with a water-
shed that extends into Lincoln, Mass. Located in a 
large metropolitan area, the pond potentially is threat-
ened by factors common to urban development. That 
Walden Pond retains clear, generally good water qual-
ity attests to conservation efforts that protect the woods 
and shore surrounding the pond. Questions remain 
whether these conservation efforts will continue to pre-
serve lake-water quality. The U.S. Geological Survey, 
in cooperation with the Massachusetts Department of 
Environmental Management, began an investigation in 
1997 to document present water-quality conditions and 
collect baseline data for Walden Pond.

The ground-water contributing area 
(621,000 m2) of Walden Pond was determined from 
water-table information in areas of stratified glacial 
deposits, measured at near-normal levels in 40 moni-
toring wells and 8 ponds on July 19, 1999, and from 
land-surface contours in areas of bedrock highs. 
Results indicate Walden Pond is a flow-through lake. 
Ground water flows into Walden Pond along the east-
ern perimeter and lake water flows into the aquifer 
along the western perimeter. The Walden Pond contrib-
uting area includes Goose Pond, also a flow-through 

pond, and its ground-water contributing area. Approx
mately 6 percent of the inflow from ground water is 
derived from Goose Pond. Lake-derived ground wate
from Walden Pond discharges into the Sudbury and 
Concord Rivers or to wetlands and streams draining
into these rivers.

A water balance for Walden Pond, used to 
derive a nutrient budget, was based on average ann
conditions from 1995 through 1999 because the wat
residence time of the lake was calculated to be abou
5 years. There was no change in long-term lake 
storage during this 5-year period. Precipitation on th
lake surface accounted for 45 percent of the inflow 
(1.215 m/yr) whereas ground-water inflow contribute
55 percent (1.47 m/yr expressed as depth of water o
the lake surface). The ground-water inflow estimate 
was based on the average of two different approach
One approach used the size of the contributing area 
the recharge rate to the aquifer from precipitation. A 
second approach was based on an isotopic mass-
balance, which uses the stable isotopes of oxygen a
hydrogen that naturally occur in water. Outflow from 
evaporation from the lake surface accounted for 26 p
cent (0.71 m/yr) and lake-water seepage to the aquif
calculated as the residual value of the water balance
accounted for 74 percent of the outflow (1.97 m/yr). 
Ground water is the dominant pathway into and out o
Walden Pond.

Walden Pond contributing area excludes nearb
potential sources of nutrients to the lake from a landfi
and a trailer park, but the Reservation septic leach fie
and leach fields from private residences are within th
contributing area. At present, nitrogen from the septi
leach field of the Walden Pond State Reservation he
quarters and bathhouse reaches Walden Pond, but p
phorus is removed during transport with the net effec
of increasing the nitrogen to phosphorus ratio of nutr
ent inputs. Nutrient budgets for the lake indicated tha
nitrogen inputs (858 kg/yr) were dominated (30 per-
cent) by plume water and, possibly, by swimmers (34
percent). Phosphorus input (32 kg/yr) was dominate
by atmospheric dry deposition, background ground 
water, and estimated swimmer inputs. Swimmer inpu
may represent more than 50 percent of the phospho
load during the summer. 

Walden Pond has become more eutrophic in th
century and loses dissolved oxygen in deep water th
historical dissolved oxygen measurements indicate 
remained aerobic 60 years ago. Historical, and inter-
lake comparisons of plant production, and estimated
Summary and Conclusions 55



18 

. 
l 

n: 
.

 

 

n a 
nd 

 
: 

d 

 

ic 
.S. 

l. 
loads of nutrients to Walden Pond indicate the eutroph-
ication of Walden Pond possibly could be reversed 
through management action and deep-water dissolved 
oxygen increased if phosphorus input to the lake were 
decreased, possibly through a swimmer-education 
program. This may benefit a population of a deep-
growing macroalgae Nitella, which is hypothesized to 
maintain water quality by tying up nutrients in deep 
plant biomass, generating metalimnetic dissolved 
oxygen at the onset of stratification, and maintaining 
high metalimnetic dissolved oxygen concentrations 
during stratification.
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Appendix A. Delta deuterium and delta oxygen-18 of lake 
water, ground-water inflow, and precipitation, Walden Pond, 
Concord, Massachusetts

Date
Delta deuterium

(per mil)
Delta oxygen-18

(per mil)

Walden Pond, East End Deep Area

6-09-98 -33.5 -3.98
7-06-98 -35.6 -4.14
8-04-98 -33.8 -3.61
9-08-98 -32.8 -3.78
10-20-98 -34.3 -3.77
11-18-98 -34.3 -3.84
12-21-98 -34.4 -3.85
3-18-99 -34.3 -4.04
4-30-99 -34.0 -4.03
6-07-99 -32.3 -3.68

Well LVW 30

7-10-98 -59.7 -9.57
8-12-98 -60.4 -9.68
9-18-98 -60.1 -9.60
10-20-98 -60.1 -9.63
11-20-98 -61.7 -9.56
12-11-98 -60.4 -9.71
1-20-99 -60.6 -9.54
2-18-99 -59.5 -9.39
3-24-99 -57.7 -8.95
4-26-99 -53.5 -8.63
6-04-99 -52.5 -8.56

Well LVW 33

2-18-99 -60.9 -9.64
4-26-99 -58.3 -9.12

Well CTW 203

10-20-98 -59.0 -9.20
12-11-98 -58.2 -9.27
2-18-99 -56.3 -9.10
4-26-99 -58.1 -9.28

Precipitation, monthly bulk sample

July 1998 -40.4 -6.55
August -29.2 -5.33
September -50.4 -7.87
October -40.7 -7.25
November -41.9 -7.46
December -72.9 -11.23
January 1999 -41.7 -7.90
February -47.4 -8.89
March and April -47.2 -8.16
May -29.5 -5.31
June -41.2 -6.42
July -19.8 -3.26
August -37.2 -6.21
September -55.8 -8.63


	Figure 1. Location and setting of Walden Pond, Concord, Massachusetts.
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	Abstract


	The trophic ecology and ground-water con�tributing area of Walden Pond, in Concord and�Lincoln, M...
	Potential point sources of nutrients to ground water, the Concord municipal landfill and a traile...
	The septic-system plume did not contribute phosphorus, but increased the nitrogen to phosphorus r...
	INTRODUCTION

	Walden Pond, the deepest lake in Massachusetts, has great historical, naturalistic, and limnologi...
	The cooperative investigation of the geohydrology and limnology of Walden Pond by the U.S. Geo�lo...
	The authors especially are indebted to�Ariane Mercandante (U.S. Geological Sur�vey) for help with...
	GEOLOGIC SETTING AND BATHYMETRY

	Walden Pond is a kettle-hole lake, formed at the�end of the last glaciation (Wis�consinan stage) ...
	The bathymetry of Walden Pond reflects the shape of the original ice block and the topography of ...
	HYDROLOGY

	The aquifer underlying and surrounding Walden Pond, composed of stratified glacial deposits, is b...
	Data-Collection Methods

	Water levels collected at 40 monitoring wells and�8 ponds (fig. 4) provided data on water-table f...
	Water samples for isotopic analysis were stored in glass bottles with polyseal caps to prevent ev...
	Water-Table Configuration and Extent of the Ground-Water Contributing Area

	The altitude and configuration of the water table in areas of stratified glacial deposits surroun...
	The water-table map indicates that Walden Pond is a flow-through lake in which the aquifer serves...
	The Walden Pond ground-water contributing area is mainly within the Reservation Boundary and othe...
	Lake-derived ground water flows towards and discharges into the Sudbury and Concord Rivers or to ...
	Ground-Water and Lake-Stage Fluctuations

	Ground-water levels in the aquifer surrounding Walden Pond fluctuate because of seasonal and long...
	Water levels in well CTW165, located about 400�m north of Walden Pond near the intersection of Ro...
	The hydrograph from CTW165 (fig. 6) indicates, in general, that water levels rise from winter thr...
	Water levels from Walden Pond show a fluctuation pattern that is similar to the ground-water hydr...
	Long-term variations in water levels, reflective of long-term storage changes in the aquifer and ...
	Water-level altitude in CTW165 and of Walden Pond, measured on July 19, 1999, to prepare the wate...
	Water Balance

	A water balance is determined by measuring or estimating the inflows and outflows to a lake and t...
	DS = P + GWi - E - GWo , (1)

	The water balance for Walden Pond was defined based on average annual conditions during the 5-yea...
	Precipitation and Evaporation

	The average annual precipitation on Walden Pond and surrounding area during 1995–99 was 1.215�m, ...
	Ground-Water Inflow

	The ground-water inflow rate to Walden Pond was determined by using contributing-area and isotope...
	The isotope mass-balance approach is based on stable isotopes of oxygen and hydrogen that natural...
	Contributing-Area Approach

	Recharge to ground water was estimated based on mean annual runoff from watersheds drained by str...
	The ground-water contribution to Walden Pond from Goose Pond for 1995–99 was determined by a wate...
	The average annual ground-water inflow to Walden Pond totals 335,000 m3/yr or, expressed as depth...
	Isotope Mass-Balance Approach

	The isotope mass-balance approach combines the water-balance equation (equation 1) with an isoto�...
	DS(dL) = P(dP) + GWi(dGWi) - E(dE)
	- GWo (dGWo) , (2)
	, (3)


	The temporal distribution of the isotopic composition of precipitation, ground-water inflow, and ...
	Values of d18O and dD of ground-water inflow, lake water, and rainfall-dominated precipitation sa...
	dD = 7.22d18O + 8.52 (n=11; R2=0.96).

	The isotopic composition of evaporated lake water was calculated indirectly based on an equation ...
	, (4)

	Monthly average values of the isotopic composition of evaporated water were calculated for ice-fr...
	Ground-water inflow calculated with equation 3 resulted in 1.73 m/yr for d18O and 1.45 m/yr for d...
	Average Ground-Water Inflow

	Ground-water inflow calculated on the basis of the contributing-area approach was 1.35 m/yr. Grou...
	Water-Balance Results

	Average annual inflow to Walden Pond for the 5�year period 1995–99, from precipitation and ground...
	LIMNOLOGY

	The primary public concern for Walden Pond relates to the trophic (nutritional) ecology of the la...
	External Inputs

	Sources and amounts of water that enter Walden Pond were described in the “Hydrology” section of ...
	Nutrient inputs for Walden Pond were estimated recently by Baystate Environmental (1995). The pre...
	Ground-Water Nutrient Inputs

	Ground-water nutrient inputs were divided into point-source and background contributions. Dependi...
	Sampling and Analytical Methods for Ground Water

	Chemical-constituent concentrations in ground water were determined by sampling 12 monitoring wel...
	Water quality was monitored in wells monthly during November 1998 to September 1999. Samples were...
	In October 1999, the 19 temporary drive-point wells (0.76 m below lake water level) were installe...
	With the exception of samples obtained for P analysis, total and dissolved samples were preserved...
	Geochemical Conditions in the Aquifer

	Determination of nutrient speciation and geochemical environment of the ground water was an inves...
	Geochemical conditions of the aquifer were determined by collection of samples from packer-sample...
	The four packer-wells sampled in March 1999 were aerobic; DO concentrations ranged from 7.0 to 10...
	The results described above indicate that ground water in the aquifer was aerobic and ground-wate...
	Ground-Water Point Sources

	Three large point sources were present that potentially could discharge nutrients to ground water...
	Ground-water flow direction at the septic leach field, as determined by triangulation among water...
	Comprehensive water analysis of selected ground-water samples (table 3) confirmed the plume prese...
	Nutrient load transported in the plume to Walden Pond could be estimated from the product of the ...
	N loss during leachate infiltration and transport can be determined by comparison of N concentrat...
	, (5)

	A plot of all the data and the theoretical end- member mixing line (fig. 11) indicates that the u...
	Sorption of the NH4+ onto negatively charged solids in the aquifer can cause losses from the sept...
	Deviation from end-member mixing occurs for the beach-perimeter samples where the relation betwee...
	Assuming 20-percent loss of N after discharge from the septic tank, concentration for the load co...
	In contrast to N, loss rates for P that occurred between the septic tank and ground water approac...
	Seventeen residential point sources (houses on septic systems) are in the Walden Pond contributin...
	Ground-Water Background Source

	Nutrient loads from background ground water�were determined by the product of an average backgrou...
	NO3--N background concentrations were measured in 39 samples from 9 wells located upgradient or o...

	Because P concentration was not significantly different in samples from the septic plume wells co...
	Atmospheric Deposition Source

	Atmospheric sources, especially dryfall, often are ignored in lake nutrient budgets or estimated ...
	Atmospheric inputs for both N and P were measured separately for wet deposition and dry depositio...
	Dryfall was collected in a precleaned, acid and deionized water rinsed plastic bucket (28.3 cm di...
	Wetfall samples were collected in an analogous processing, except that the buckets were put out d...
	Swimmer Source

	Walden Pond receives about 500,000 visitors per year, concentrated during the summer months. The ...
	Other Nutrient Sources

	Previous avian input estimates, which were sub�stantial when the nearby Concord Landfill was acti...
	Nutrient Limitation, Ratios, Source Size, Timing, and Disposal Strategies

	Often in aquatic ecosystems, all algal nutrients are in excess supply for algal growth except one...
	Nutrient sources in which N is substantially in excess may mitigate against blooms of cyanobacter...
	Control over the amount of algal biomass produced is exerted by the input load of the limiting nu...
	The swimmer source greatly affects the summer nutrient budget. If the nutrient budget is recomput...
	From perspectives of the amount and type of algal growth, an advantage was realized by routing wa...
	Nutrient Loading Trophic Index

	Nutrient transport and ways of decreasing nutri�ent inputs were presented in the previous section...
	Although the nutrient budget comparison indicated that Walden Pond was in a mesotrophic state whe...
	Plant Growth and Internal Cycling of Chemical Constituents

	Nutrient budgets are important to trophic ecology because they control plant growth; however, unc...
	Methods of Sampling and Analysis of the Water Column

	Secchi-disk depth and in-lake depth-profile data for pH, DO, conductance, and temperature were co...
	During 1998, samples of benthic algae (primarily the macroalga Nitella) were collected along eigh...
	Methods of water analysis used were as described for ground-water analysis except for the field p...
	Chlorophyll-a samples were filtered through a glass-fiber filter, dried (Godfrey and Kerr, 2000),...
	Temperature Stratification

	Distribution of constituents within Walden Pond, such as nutrients, DO, and even biomass is contr...
	Phytoplankton, Nitella, and Light

	Phytoplankton amounts can be determined from profiles of chlorophyll a (fig. 14). The conversion ...
	The epilimnetic chlorophyll-a average, often used to assess trophic state, was 1.2 and 1.6 mg/L i...
	Phytoplankton are not the only source of plant biomass in Walden Pond. Large stands of the macroa...
	Nitella biomass data are plotted as a function of�depth for each transect (fig. 15). Nitella grow...
	Total biomass of Nitella can be estimated as the product of square meters covered and an average ...
	The Nitella biomass of Walden Pond is large on a per-area-basis in comparison to other lakes that...
	The deep planktonic chlorophyll-a and Nitella maxima likely are associated with the clarity of wa...
	Interception of light by phytoplankton in the shallow depths decreases the light available for Ni...
	Data on phytoplankton and macrophyte standing crops do not indicate the amount of growth, because...
	Dissolved Oxygen

	Plant production and internal cycling of nutrients are coupled directly to DO, which is a product...
	During cold weather every year, Walden Pond, and most temperate-zone lakes, mix oxygen from the a...
	Interpretation of DO profiles requires knowledge of their spatial and temporal variability. Horiz...
	Temporal variability that may occur on a diurnal basis also must be considered before interpretat...
	Dissolved Oxygen in the Epilimnion

	DO concentrations in the epilimnion of Walden Pond generally were in equilibrium with oxygen in t...
	Dissolved Oxygen in the Metalimnion

	Unlike the epilimnion, the metalimnion is isolated from the atmosphere by the thermocline during ...
	Plants respire continuously through light and dark periods, but conduct photosynthesis only durin...
	�. (6)

	Net ecosystem production in the metalimnion as determined from changes in DO includes any contrib...
	Given the possibility of independent rates of photosynthesis and respiration that could occur, co...
	A conceptual model was formulated during this investigation that metalimnetic DO was controlled b...
	106 CO2 + 16 NO3 + HPO42- +122 H2O + 18 H+
	+ trace elements and energy
	=(C106 H263O110N16P) + 138 O2. (7)


	According to the conceptual model, plant growth in the spring in the metalimnion exhausts availab...
	External sources of nutrients from, atmospheric deposition, and swimmers—enter the lake primarily...
	The conceptual model described here is consistent with available data, but has not been verified ...
	Dissolved Oxygen in the Hypolimnion

	During stratification, DO decreases in the hypolimnion, where bacterial respiration dominates, in...
	Conductance, pH, Nitrogen, Phosphorus, Iron, Manganese, and Internal Nutrient Recycling

	Conductance varied during the investigation from 83 to 92 mS. These relatively low values are ind...
	Measured pH varied from about 6.5 throughout the water column during winter and spring mixing to ...
	The cycling of N, P, Fe, and Mn is affected by a combination of thermal stratification, and by pl...
	Measurements of N in the water column were analyzed as total combined organic-and-ammonia (NH3) N...
	P was measured as total P and as total dissolved P (fig. 21). The total P--total-dissolved P coup...
	The N to P ratio for annual input of nutrients, as�previously stated, was 59. Comparison with the...
	The interaction of N, P, Fe, and Mn with DO and the effects of temperature stratification were ap...
	The ratio of S to Fe is thought to determine the�relative availability of Fe for interaction with...

	Analysis of the concentration profiles in figure 22 also indicates the degree to which internal c...
	Nutrient recycling in Walden Pond at the end of stratification may be greater than recycling that...
	Historical and Between-Lake Trophic Assessments

	The relations between plant growth and cycling of water-column chemical constituents can be used ...
	Trophic State from Water-Column Assessment

	Trophic state can be measured on the basis of DO consumption in the hypolimnetic water during str...
	Investigators have computed HOD in various ways to determine actual, absolute, relative, apparent...
	The degree of interconnectedness among the three basins of Walden Pond must be considered in the�...
	The May through July HOD values computed during the 3 years of biweekly monitoring and addi�tiona...
	HOD and variation in development of HOD are indicated by hypolimnetic DO content plotted with tim...
	Historical Dissolved-Oxygen Profiles

	Historical DO profiles from Walden Pond provide an indication of how nutrient cycling and trophic...
	Historical changes in HOD can be estimated from a few historical DO profiles available for Walden...
	According to the analysis described above, HOD has doubled since 1939, which implies that histori...
	If HOD could be reduced to the rate present in 1939 so that DO was not exhausted in the final wee...
	Comparisons of Dissolved Oxygen Among Lakes

	Simple comparison of DO profiles among lakes indicates the consequences of the variability in HOD...
	Trophic Stability

	Walden Pond may have become more eutrophic since 1939, but the water still is clear and the lake ...
	Other kettle-hole lakes in eastern Massachusetts have degraded episodically in water quality. In ...
	The consequences of eutrophication, present in Cliff Pond and Ashumet Pond, likely could be preve...
	On the basis of plant biomass alone, the stability of the present trophic condition of Walden Pon...
	Without further investigation, the role, mechanism, and, thus, the stability of Nitella for maint...
	Trophic Ecology and Management Options

	At present, the water quality of Walden Pond appears to be desirable and may not require manageme...
	Concerns about desorption of P from the aquifer can be addressed by monitoring ground water in th...
	Other concerns about delayed effects of current nutrient loads, water-quality instability, and Ni...
	If nutrient input can not be decreased, management efforts could concentrate on prevention of oth...
	Continued monitoring of HOD, and the amount and distribution of Nitella would be useful with or w...
	SUMMARY AND CONCLUSIONS

	Walden Pond, the deepest lake in Massachusetts, has historical, naturalistic, and limnological im...
	The ground-water contributing area (621,000�m2) of Walden Pond was determined from water-table in...
	A water balance for Walden Pond, used to derive�a nutrient budget, was based on average annual co...
	Walden Pond contributing area excludes nearby potential sources of nutrients to the lake from a l...
	Walden Pond has become more eutrophic in this century and loses dissolved oxygen in deep water th...
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